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There	 has	 been	 specific	 interest	 over	 the	 past	 decade	 in	 the	 discovery	 and	
development	 of	 new	 piezoelectric	 and	 ferroelectric	 materials	 for	 the	 use	 in	
functional	devices,	 specifically	with	 the	aim	of	 replacing	 the	widespread	use	of	
PbZrxTi1-xO3.	
	
The	work	 detailed	 in	 this	 thesis	 focuses	 on	 the	 structural	 characterisation	 and	
thermal	 behaviour	 of	 several	 perovskites	 possessing	 interesting	 physical	
characteristics,	 such	 as	 ferroelectricity	 or	magnetism.	 Structural	 evolution	 and	
phase	behaviour	 is	 characterised	using	Rietveld	 refinement	 techniques	on	high	
resolution	powder	neutron	diffraction	data.	Additional	analytical	techniques	such	













in	 the	 rare	 earth	 orthoferrite	 LaFeO3.	 Symmetry	mode	 analysis	 is	 exploited	 to	
assist	 in	 the	 structural	 comparison	 to	 the	 related	 compound	 Bi0.5La0.5FeO3,	




like	Dion	 Jacobson	phase,	CsBi0.6La0.4Nb2O7	 is	 identified	as	a	direct	 “avalanche”	
type	 transition,	 making	 it	 an	 example	 of	 a	 hybrid	 improper	 ferroelectric.	
Ferroelectricity	in	this	case	does	not	occur	as	a	result	of	traditional	second-order	
Jahn-Teller	 distortions,	 but	 is	 achieved	 via	 a	 mechanism	 known	 as	 trilinear	
coupling.	Experimental	 analysis	 is	 important	 in	understanding	 the	 intricacies	of	
this	 trilinear	coupling	mechanism.	Symmetry	mode	analysis	of	CsBi0.6La0.4Nb2O7	
shows	that	two	zone	boundary	primary	order	parameters	(M2+	and	M5-)	associated	
with	 octahedral	 tilting	 condense	 simultaneously,	 and	 couple	 to	 a	 zone	 centre	
ferroelectric	distortion	mode	(G4-).	The	similar	temperature	dependency	for	the	




















































































































































































































































with	 various	 interesting	 crystal	 symmetries	 and	 functional	 properties.	 To	 date	











structure	 type)	 after	 the	 Russian	 scientist	 A.	 von	 Perovskji	 (1792-1856)12.	
Originally,	the	structure	type	did	not	generate	a	great	deal	of	interest.	The	work	













Megaw18,	 and	 Blattner,	 Matthias	 and	 Merz19.	 The	 discovery	 of	 the	 first	
ferroelectric	perovskite	was	of	great	importance	as	it	was	the	first	example	of	a	
ferroelectric	 structure	 that	 contained	 no	 hydrogen	 bonds	 and	 also	 possessed	
more	than	one	ferroelectric	phase20.	Moving	 forward	40	years,	 the	Nobel	prize	
was	awarded	to	Bednorz	and	Muller	for	their	work	on	the	High-TC		superconductor	












of	 this	 thesis	 focused	on	 the	 structural	 characterisation	of	 phase	 transitions	 in	
select	compositions	of	the	LixNa1-xNbO3	solid	solution.	The	more	recent	discovery	
of	a	new	class	of	“hybrid-improper	ferroelectrics”	 in	the	 layered	perovskite-like	
Aurivillius	 and	 Dion-Jacobson	 phases	 could	 potentially	 herald	 a	 new	 era	 in	








symmetry	 of	 various	 perovskite	 phases,	 therefore	 in	 this	 section	 some	 of	 the	
fundamental	crystallography	concepts	are	 introduced.	Crystalline	structures	are	
defined	 as	 those	 that	 display	 long	 range	 periodic	 order	 involving	 a	 regular	












Table	1.1 The	 seven	 crystal	 systems.	 The	 ¹	 sign	 indicates	 two	 entities	 are	 not	
necessarily	equal	to	one	another.		












































Whilst	 the	 unit	 cell	 provides	 a	 basis	 for	 the	 lattice	motif,	 describing	 atoms	 as	
fractional	coordinates	along	the	cell	lengths	a,	b	and	c,	and	increasing	or	changing	



















Point	 group	 symmetry	 elements	 result	 in	 32	 individual	 crystallographic	 point	














can	 be	 categorised	 into	 three	main	 classes:	 rotation,	 reflection	 and	 inversion.	


























Apart	 from	 the	 three	 classes	 of	 point	 group	 symmetry	 elements,	 there	 are	
additional	 translational	 elements,	 screw	 axes	 and	 glide	 planes.	 A	 screw	 axis	
describes	a	 simultaneous	 rotation	and	 translation.	Again,	due	 to	 the	 symmetry	
restrictions	 imposed	 by	 the	 three-dimensional	 lattice,	 only	 1,	 2,	 3,	 4,	 and	 6	
rotations	 are	 allowed.	 The	 subscript	 associated	 with	 the	 screw	 axis	 notations	
denotes	 the	 fraction	 along	 the	 axis	 the	 lattice	 point	 translates.	 For	 example,	 a	
screw	 axis	 denoted	 as	 21	 describes	 a	 two-fold	 rotation	 with	 a	 simultaneous	
translation	by	½	along	the	unit	cell	length.	
	














































almost	 any	 element	 in	 the	 periodic	 table,	 leading	 to	 its	 exotic	 chemistry	 and	
properties.	Whilst	the	ideal	structure	is	cubic	(often	referred	to	as	the	aristotype	




is	 these	 lower	 symmetry	 distorted	 phases	 that	 often	 result	 in	 the	 interesting	



























Perovskites	 can	distort	 in	 three	ways;	 these	 include	 tilts	 of	 the	BO6	octahedral	
units,	A-site	cation	displacements	and/or	distortion	of	 the	octahedra.	Of	 these,	
the	predominant	factor	that	governs	the	resulting	space	group	symmetry	of	the	
distorted	phase	 is	 tilting	of	 the	octahedra.	 It	was	Glazer38,	39	and	Megaw40	who	













the	 type	 of	 octahedral	 tilting	 exhibited	 by	 the	 structure.	 Through	 a	 systematic	




























dimensional	 space	 is	 considered.	 These	 23	 tilt	 combinations	 were	 further	
simplified	by	Howard	and	Stokes	to	just	1544.	A	list	of	these	tilt	systems	and	their	
corresponding	space	group	symmetries	 is	given	 in	Table	1.3.	 In	Glazer	notation	
tilts	are	described	in	terms	of	component	tilts	about	each	of	the	three	“pseudo-
cubic”	axes.	Due	to	the	corner-sharing	connectivity	of	the	BO6	octahedra,	tilting	of	




tilt	 in	 the	 same	 or	 opposite	 direction.	 When	 two	 adjacent	 octahedra	 along	 a	
singular	 axis	 tilt	 in	 the	 same	 direction	 this	 is	 referred	 to	 as	 an	 “in-phase”	 tilt.	









and	 out-of-phase	 tilts	 respectively.	 An	 axis	 around	 which	 no	 tilting	 occurs	 is	
indicated	with	a	superscript	0.	When	two	axes	are	each	described	by	in-phase	tilts	


















Table	1.3 The	 15	 unique	 tilt	 systems	 and	 their	 corresponding	 space	 group	
symmetries	as	described	by	Howard	and	Stokes44.	The	space	group	symmetries	are	listed	



























































aristotype	 structure.	 This	 results	 in	 characteristic	 peaks	 for	 each	 type	 of	 tilt	 at	
specific	d-spacings	or	2q	values	in	the	diffraction	pattern.	For	+	tilts,	reflections	












An	alternative	way	of	 considering	 the	 various	distortions	 that	may	manifest	 to	
bring	 about	 a	 lower	 symmetry	 phase	 is	 in	 terms	 of	 their	 symmetry-adapted	
modes.	In	this	approach	distorted	structures	are	referenced	as	a	set	of	structural	
degrees	of	 freedom	 resulting	 from	 the	phase	 transition	 from	 the	 aristotype	or	
higher	 symmetry	 phase.	 Symmetry	 modes	 present	 in	 the	 aristotype	 that	 are	
permitted	 in	 the	 lower	 symmetry	 phase	 must	 be	 identified.	 The	 structural	




vectors	 can	easily	be	 selected	 to	be	normal	 to	one	another,	 including	 those	of	








the	 irreducible	 representation,	 M3+.	 A	 space	 group	 irrep.	 is	 defined	 by	 those	
distortions	 that	 are	 associated	 with	 the	 k-point	 superlattice	 reflections.	While	
many	phase	transitions	can	be	described	by	a	single	irrep.,	some	transitions	can	




are	 related	 to	 reflections	 in	 the	diffraction	profile	 in	 reciprocal	 space.	 The	 two	
basic	 types	 of	 octahedral	 tilt	 therefore	 occur	 at	 specific	 k-points	 in	 reciprocal	
space.	As	highlighted	in	the	previous	section	the	+	and	–	tilts	occur	at	(k	=	½,	½,	0)	































Upon	 undergoing	 a	 symmetry-lowering	 structural	 change	 or	 distortion,	 certain	









evaluation	 detailing	 all	 isotropy	 subgroups	 of	 the	 230	 crystallographic	 space	
groups	induced	at	special	k-points	originating	from	a	singular	irrep	of	the	parent.	
The	 ISOTROPY	 and	 ISODISTORT49	 online	 tools	 permit	 exploration	 of	 subgroups	
associated	 with	 non-special	 k-points	 and	 coupled	 irreps.,	 made	 possible	 by	
computation	techniques	to	assist	the	group	theory	analysis.	This	ability	to	explore	
group	 sub-group	 relationships	 and	 identify	 the	 numerous	 individual	 distortion	























An	 important	property	 that	 the	perovskite	 structure	 can	exploit	 is	 that	of	 long	
range	 magnetic	 ordering.	 With	 selective	 choosing	 of	 the	 B-site	 cation	 various	
perovskites	 that	 exhibit	 magnetic	 ordering	 can	 be	 synthetically	 obtained.	
Magnetic	 materials	 are	 characterised	 as	 those	 that	 have	 unpaired	 electrons,	
typically	with	transition	metal	(TM)	cations	in	which	the	unpaired	electrons	occupy	
d	or	f	orbitals.	The	magnetic	moment	or	dipole	is	created	due	to	the	orbital	spin	
and	 charge	 associated	 with	 the	 electron.	 The	 orientation	 of	 the	 unpaired	
electrons,	and	by	extension	the	magnetic	dipoles,	in	a	material	determine	what	
type,	 if	 any,	 of	 magnetic	 ordering	 is	 present.	 The	 intriguing	 phenomenon	 of	
colossal	 magnetoresistance	 (CMR)	 has	 been	 observed	 in	 manganese	 oxide	
perovskites50,	51,	whilst	 coupling	of	electric	and	magnetic	ordering	 can	 result	 in	
often	desirable	multiferroic	properties	(see	Chapter	1,	section	1.14).	
	
The	 word	 paramagnetic	 is	 used	 to	 describe	 a	 system	 in	 which	 the	 unpaired	
electrons	are	orientated	randomly	relative	to	those	on	different	atoms.	Magnetic	







coupling	 is	 ferromagnetic	 with	 antiferromagnetic	 inter-plane	 coupling.	 C-type	
antiferromagnetism	 involves	 intra-planar	antiferromagnetic	coupling	with	 inter-
planar	 ferromagnetic	 coupling.	 Finally,	 G-type	 antiferromagnetism	 describes	 a	
system	in	which	both	the	inter-and	intra-planar	coupling	are	antiferromagnetic.	









the	magnetic	 ordering,	which	 varies	 between	materials,	 is	 known	 as	 the	 Curie	
temperature,	TC,	 for	 ferromagnetic	ordering,	and	the	Néel	 temperature,	TN,	 for	





to	 occur	 in	 this	 manner,	 the	 orbital	 overlap	 between	 the	 transition	 metal	 3d	
orbitals	and	O	2p	orbitals	in	the	TM-O-TM	linkages	must	be	maximised	(see	Figure	
1.9).	 Therefore,	 the	 optimal	 angle	 for	 the	 superexchange	 interaction	 is	 180	 °.	
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As	 traditional	 space	 group	 classifications	 give	 no	 indication	 of	 the	 magnetic	
structure,	Shubnikov	symmetry	offers	a	way	to	describe	the	magnetic	ordering	by	
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the	 actual	 space	 group	 (in	 a	 similar	manner	 to	 the	 symmetry	mode	 approach	
described	 in	 section	 1.7	 of	 this	 chapter)	 can	 be	 exploited	 to	 describe	 the	
transformation	properties	of	the	magnetic	structure.	The	individual	basis	vectors	
of	 the	 irreducible	 representations	comprise	of	 linear	combinations	of	 the	spins	
and	 hence	 describe	 the	 magnetic	 structure.	 Assigning	 the	 irreducible	
representations	along	each	of	the	Cartesian	axes	allows	for	the	formation	of	a	full	
basis	set	and	a	description	of	the	magnetic	ordering	in	three	dimensions57.	This	
approach	 is	 arguably	 superior	 as	 three	 dimensional	 representations	 can	 be	
described	 associated	with	 any	 value	 of	 k,	 as	 opposed	 to	 Shubnikov	 symmetry	






As	 discussed	 in	 Section	 1.1	 of	 this	 chapter,	 the	 discovery	 of	 new	 polar	 and	
ferroelectric	materials	 is	 the	 subject	of	much	 research	 in	 the	materials	 science	
community	 worldwide,	 as	 they	 can	 often	 be	 exploited	 for	 their	 dielectric	
properties	 in	 the	 use	 of	 various	 electronic	 devices58.	 Polarity	 can	 arise	 in	 the	
perovskite	structure	via	co-operative	A-	or	B-site	cation	shifts;	this	differentiates	




dielectric;	 these	 are	 piezoelectric	 (polarisation	 induced	 upon	 application	 of	 a	
mechanical	 strain59),	 pyroelectric	 (temperature	 induced	 polarisation60)	 and	










Ferroelectricity	 is	defined	as	a	spontaneous	polarisation	that	 is	 reversible	upon	
switching	of	an	applied	electric	field.	Ferroelectrics	differ	from	normal	dielectrics	
as	some	residual	polarisation	within	the	structure	remains	upon	removal	of	the	
applied	 electric	 field.	 In	 addition	 to	 the	 residual	 or	 remnant	 polarisation,	











(E)	 and	 polarisation	 (P)	 no	 longer	 applies.	 Instead	 hysteresis	 is	 observed,	 with	
different	behaviour	displayed	by	the	polarisation	upon	application	and	removal	of	
















electrical	 dipoles	 can	be	 aligned	 in-parallel	 due	 to	 cooperative	 cation	 shifts	 (in	
ferroelectric	 materials),	 creating	 a	 net	 polarisation,	 or	 anti-parallel	 (in	
antiferroelectric	materials).	Anti-parallel	alignment	results	in	no	net	polarisation	
due	 to	 the	 cancelling	 out	 of	 equal	 and	 opposite	 dipoles.	 The	 A-site	 cation	






In	 traditional	 ABO3	 perovskite	 ferroelectrics,	 the	 ferroelectric	 behaviour	 can	
originate	at	either	the	A	or	B	cationic	sites	via	a	second	order	Jahn-Teller	(SOJT)	
mechanism.	 For	 activity	 to	 occur	 at	 the	 A-site	 typically	 a	 cation	 with	 a	
stereochemically	active	(polarisable)	lone	pair	is	necessary	e.g.	BiFeO362.	
	
For	 B-site	 ferroelectric	 activity,	 typically	 a	 transition	 metal	 cation	 with	 a	
completely	empty	set	of	d-orbitals	is	necessary	e.g.	the	Ti4+	d0	cation	in	BaTiO363.	
From	a	geometric	approach,	this	occurs	when	a	B-site	cation	is	too	small	for	its	
site.	 B-site	 displacements	 toward	 oxygen	 sites	 occur	 to	 enhance	 B-O	 bonding	
interactions.	The	direction	in	which	the	B-site	cation	is	displaced	within	the	BO6	













Ferroelectricity,	 like	 magnetism,	 is	 a	 phenomenon	 favoured	 by	 lower	
temperatures	 as	 the	 increased	 thermal	 motion	 induced	 by	 increased	
temperatures	results	in	the	loss	of	the	polar	displacements.	The	temperature	at	
which	 the	 ferroelectric	 ordering	 is	 lost	 is	 known	 as	 the	 Curie	 temperature,	TC.	







small	 proportion	 of	 the	 unique	 perovskite	 phases	 discovered	 to	 date	 adopt	
ferroelectric	or	even	polar	structures.	This	problem	was	traditionally	thought	to	
be	 due	 to	 an	 uncooperative	 relationship	 between	 octahedral	 tilting	 and	
ferroelectric	 distortions	 (i.e.	 the	 octahedral	 tilting	 supressed	 ferroelectric	
distortions).	 Octahedral	 tilting	 occurs	 to	 maximise	 A-O	 bonding	 interactions,	
whereas	most	ferroelectric	distortions	occur	to	compensate	for	underbonding	of	
the	 B-site	 cation,	 suggesting	 that	 one	 is	 not	 compatible	 with	 the	 other.	
Ferroelectric	BaTiO3	and	PbTiO3	both	adopt	structures	with	no	octahedral	tilting	














ferroelectric	materials.	With	 80	 -	 90	%	of	 perovskite	 structures	 adopting	 room	
temperature	 structures	 that	 involve	 octahedral	 tilts67,	 a	 link	 in	 which	 the	




1.13 Layered	 Perovskite-like	 Phases	 as	 “Hybrid	 Improper”	
Ferroelectrics	
	
The	 layered	 perovskite-like	 phases	 offer	 a	 solution	 to	 the	 problem	 of	
antiferroelectric	 A-site	 distortions.	 In	 these	 layered	 phases	 the	 inversion	
symmetry	through	the	B-site	is	now	lost,	due	to	the	inequivalent	intra-layer	and	
inter-layer	A-sites.	This	can	result	in	a	net	polarisation	caused	by	octahedral	tilting	









72,	 Dion-Jacobson	 (A’[An-1BnO3n+1])73,	 74	 and	 double-perovskite	 (A’AB2O6)67,	 75,	 76	
structures.	 Examples	 of	 the	 Aurivillius,	 Ruddlesden-Popper	 and	 Dion-Jacobson	
structures	are	shown	in	Figure	1.14.		
	
This	 class	 of	 hybrid	 improper	 ferroelectrics	 are	 characterised	 by	 large	
temperature-dependent	 dielectric	 constants,	 but	 differ	 from	 traditional	
ferroelectrics	in	which	the	dielectric	constant	evolves	considerably	in	the	vicinity	




Figure	1.14 The	 layered	 perovskite-like	 phases	 including,	 from	 left	 to	 right,	 the	















The	 structural	 driving	 force	 behind	 the	 transition	 to	 the	 polar	 or	 ferroelectric	
phase	can	be	any	of	these	three	terms,	P,	R1	or	R2.	Commonly	in	hybrid	improper	
ferroelectrics,	 the	 two	 non-polar	 lattice	 modes	 combine,	 and	 generate	 the	















properties.	 As	 octahedral	 rotations	 have	 been	 proven	 to	 couple	 strongly	 to	
magnetic	properties80,	ferroelectricity	that	is	controlled	or	induced	by	octahedral	
tilts	(such	as	that	of	hybrid	improper	ferroelectrics)	could	help	solve	the	coupling	






Multiferroic	materials	 are	 defined	 as	 those	 that	 exhibit	more	 than	 one	 ferroic	
order	 simultaneously84	 and	 thus	 have	 interesting	 potential	 for	 use	 in	 novel	
multifunctional	 devices.	 The	 three	 main	 ferroic	 orders	 that	 can	 contribute	 to	
multiferrocity	 are	 ferroelectricity,	 ferromagnetism	 and	 ferroelasticity.	
Magnetoelectric	 multiferroics	 which	 simultaneously	 exhibit	 coupled	
ferroelectricity	and	 ferromagnetism	 in	which	the	polarisation	can	be	controlled	
magnetically	and	vice	versa	are	rarely	observed,	however	perovskites	offer	some	
of	 the	most	promising	 candidates62,	 84,	 85.	Of	 the	 few	 single-phase	multiferroics	
already	 known,	 their	 use	 in	 applications	 is	 hindered	 as	 their	 magnetoelectric	
responses	are	either	too	weak		or	only	occur	at	impractically	low	temperatures86.	
	
The	 paucity	 of	 multiferroic	 materials	 which	 exhibit	 magnetoelectric	 coupling	
effects	is	highlighted	in	work	by	Spaldin87	(neé	Hill).	In	general,	this	is	due	to	the	




the	 3d	 orbitals	 of	 the	 transition	metal.	 A	 way	 to	 circumvent	 this,	 is	 to	 design	












ferroelectricity	 alone91.	 One	 final	 advantage,	 is	 the	 ability	 of	 multiferroics	 to	
exploit	the	advantages	of	each	of	the	coupled	ferroic	orders	whilst	avoiding	the	
drawbacks.	An	example	of	this	is	in	data	storage	applications	where	information	
can	 be	 written	 electronically	 (negating	 the	 need	 for	 the	 large	 magnetic	 fields	
associated	 with	 writing	 magnetically)	 and	 read	 magnetically,	 avoiding	 the	
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materials.	Of	 the	 systems	 investigated	 the	aim	 is	 to	provide	detailed	 structural	
characterisation	 of	 new	 and	 emergent	 phases	 with	 scrutiny	 of	 the	 structural	
behaviour	close	to	the	phase	boundary.	This	is	primarily	achieved	with	the	use	of	









view	compounds	analogous	 to	NaNbO3	are	of	great	 structural	 interest,	as	pure	
NaNbO3	 exhibits	 instabilities	 to	 several	 different	 lattice	 distortions,	 both	 zone	











structure	 across	 the	 series.	 The	 reported	 anomalous	 evolution	 in	 the	 lattice	
metrics	for	LaFeO3,	specifically	the	c>a	crossover6	as	a	function	of	temperature,	














class	 of	 ferroelectrics	 that	 exhibit	 so-called	 hybrid	 improper	 ferroelectricity.	
Inspired	by	the	recent	work	by	Reece	which	details	the	first	experimental	evidence	
of	 ferroelectric	 properties	 in	 the	 Dion-Jacobson	 compound,	 CsBiNb2O78,	 the	
ferroelectric	 –	 paraelectric	 phase	 transition	 in	 the	 analogous	 compound	





discontinuous	 transitions	 have	 been	 demonstrated	 in	 various	 hybrid	 improper	
ferroelectrics,	 with	 no	 clear	 trends	 in	 the	 selectivity	 for	 the	 type	 of	 transition	
shown,	making	experimental	investigation	necessary.	Elucidating	the	subtleties	of	
	 43	










































high	 temperature	 X-ray	 diffraction.	 Journal	 of	 Solid	 State	 Chemistry	2012,	196,	
249-254.	
7.	 Kavanagh,	C.	M.;	Goff,	R.	J.;	Daoud-Aladine,	A.;	Lightfoot,	P.;	Morrison,	F.	
D.,	 Magnetically	 Driven	 Dielectric	 and	 Structural	 Behavior	 in	 Bi0.5La0.5FeO3.	
Chemistry	of	Materials	2012,	24,	4563-4571.	
8.	 Chen,	 C.;	 Ning,	 H.	 P.;	 Lepadatu,	 S.;	 Cain,	 M.;	 Yan,	 H.	 X.;	 Reece,	 M.	 J.,	

































Small	 particle	 sizes	 that	 have	 been	 thoroughly	 mixed	 facilitate	 the	 diffusion	




















take	 several	 days	with	 intermittent	 grinding.	 The	 furnaces	 used	 in	 the	 heating	
process	are	capable	of	very	high	temperatures	(T	£	1400	°C)	and	use	resistance	
heating	with	 a	 SiC	or	MoSi2	 heating	element.	 The	 samples	 are	held	 in	 alumina	
crucibles	during	the	heating	process.	This	is	due	to	its	inert	nature,	which	allows	it	
to	withstand	 the	high	 temperatures	 required	 (T	 up	 to	1800	°C	 for	 the	alumina	








X-ray	 diffraction	 is	 an	 invaluable,	 non-destructive	 analytical	 tool	 for	 the	
characterisation	of	 crystalline	 solids.	 The	diffraction	patterns	 generated	 from	a	







range	 periodic	 order).	 As	 previously	 discussed	 in	 Chapter	 1,	 Section	 1.2.1,	 the	
smallest	 repeating	 arrangement	 of	 atoms	 is	 referred	 to	 as	 the	 unit	 cell.	 These	
repeating	units	demonstrate	the	translational	periodicity	of	the	crystal	structure	
and	are	depicted	by	an	array	of	lattice	points.	The	planes	of	a	crystal	lattice	are	










position).	 The	 X-rays	 that	 arrive	 at	 the	 diffractometer	 “in-phase”	 (where	 their	
respective	 path	 lengths	 differ	 by	 an	 integer	 number	 of	 wavelengths)	 lead	 to	
constructive	 interference	 and	 give	 rise	 to	 a	 diffraction	 pattern.	 Nobel	 prize	
winning	work	by	William	Lawrence	Bragg	and	Henry	William	Bragg	established	the	
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relationship	between	 the	diffraction	angle	and	 the	d-spacing	 known	as	Bragg’s	









































and	 reciprocal	 lattices	 possess	 the	 same	 origin.	 The	 lattice	 parameters	 in	
reciprocal	 space	 upon	 the	 transformation,	 a*,	 b*,c*	 and	V*	 are	 equivalent	 to	
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those	 of	 real	 space	 a,	 b,	 c	 and	V.	 The	 following	 conditions	 are	 satisfied	 upon	
transformation	from	the	real	to	the	reciprocal	lattice4:	
	




	 𝒂∗ ∙ 𝒂 = 	𝒃∗ ∙ 𝒃 = 	 𝒄∗ ∙ 𝒄 = 1	
	
Equation	3.7	
As	the	scalar	product	of	𝒂∗ ∙ 𝒃	and	𝒂∗ ∙ 𝒄	are	both	equal	to	zero,	𝒂∗	must	be	located	







	 𝑉 = 𝒂 ∙ 𝒃	×	𝒄	 Equation	3.8	
	 	 	
































































metal	 target	 (typically	 Cu	 or	 Mo)	 with	 high	 energy	 electrons.	 Electrons	 are	





wavelength	 that	 lies	 in	 the	 X-ray	 region	 of	 the	 electromagnetic	 spectrum.	 The	
transition	 energies	 have	 finite	 values	 and	 therefore	 a	 characteristic	 X-ray	
spectrum	results.	The	2p	->	1s	emission,	known	as	Ka,	has	a	wavelength	of	1.5418	
Å.	The	3p	->	1s	transition	has	a	different	wavelength	of	1.3922	Å	and	is	known	as	




yields	 a	 coherent,	 monochromatic	 beam	 of	 X-rays,	 removing	 unwanted	
wavelengths	 associated	 with	 inelastic	 collisions.	 This	 is	 desirable	 for	 analytical	
purposes	 as	 a	 beam	 comprising	 different	 wavelengths	 will	 lead	 to	 several	














too	 difficult	 to	 synthesise.	 The	 sample	 is	 prepared	 for	 analysis	 by	 thorough	
grinding	with	a	pestle	and	mortar.	In	this	manner	crystallites	are	orientated	in	all	




In	experiments	 that	utilise	mobile	detectors,	 the	diffracted	beams	arrive	at	 the	
detector	 in	 a	 cone-like	 formation	 (Figure	 3.5),	 with	 the	 angle	 between	 the	
diffracted	and	undiffracted	beams	equal	to	twice	that	of	the	Bragg	angle,	q.	The	
detector	moves	 in	 a	 circular	 path,	 ensuring	 all	 cones	of	 diffracted	beams	 from	

















Samples	 were	 measured	 using	 either	 a	 PANalytical	 Empyrean	 powder	 X-ray	
diffractometer,	with	 Cu	 Ka1	 radiation	 source	 or	 a	 Rigaku	MINIFLEX	 600	with	 a	
dichromatic	Cu	Ka1	and	Ka2	radiation	source.	Patterns	were	recorded	over	a	2q	
range	of	3	<	2q	<	70	°	for	a	period	of	one	hour,	and	2q	range	5	<	2q	<	70	°	for	a	



































between	 the	 radiation	 beam	 and	 the	 atoms.	 Whilst	 X-rays	 interact	 with	 the	
electron	 cloud,	 as	 discussed	 in	 Section	 3.2,	 neutrons	 interact	 directly	with	 the	
nucleus	 through	 the	 nuclear	 force	 (an	 additional	 interaction	 between	 the	
magnetic	 moments	 of	 a	 neutron	 and	 any	 unpaired	 electrons	 present	 in	 the	
crystalline	 structure	 is	 discussed	 below).	 This	 carries	 with	 it	 some	 important	
advantages	such	as	a	greater	sensitivity	to	lighter	atoms,	for	example	oxygen,	in	
the	 presence	 of	 heavier	 ones	 (i.e.	 perovskite	 A-site	 cations),	 as	 the	 scattering	
factor	 of	 an	 atom	 is	 now	 no	 longer	 dependent	 on	 its	 electron	 density.	 This	 is	
particularly	 useful	 in	 the	 study	 of	 perovskites	 where	 the	 distorted	 and	 lower	
symmetry	 structures	 are	 predominantly	 characterised	 by	 tilting	 of	 the	 BO6	
octahedra.	In	a	similar	manner,	atoms	with	very	similar	atomic	numbers	can	be	
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easily	 distinguished	 as	 their	 neutron	 scattering	 lengths	 are	 likely	 to	 be	 quite	
different.	 This	 independent	 relationship	between	electron	density	 and	neutron	
scattering	 length	 allows	 isotopes	 of	 the	 same	 element	 to	 possess	 different	
scattering	lengths.	The	tendency	for	peaks	to	drop	off	in	intensity	as	a	function	of	
scattering	angle	as	 in	X-ray	diffraction	 is	not	observed	with	neutrons,	therefore	









high	 penetrating	 depths	 and	 allowing	 probing	 of	 the	 interior	 of	 materials,	 as	
opposed	to	X-rays	which	only	interact	with	the	surface	environment.	The	highly	











detector	 after	 travelling	 a	 flight	 path	 of	 known	 length.	 The	wavelength	 of	 the	
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neutron	can	be	obtained	by	exploitation	of	 the	de	Broglie	 relationship	and	 the	
kinetic	energy	of	a	particle,	detailed	in	Equation	3.13	below,	
	

























𝑅 𝑑 = 	 ∆\
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HRPD	 instrument	 (~	 100	 m)	 clearly	 minimises	 DL/L	 term,	 but	 additionally	















of	 the	 three.	 The	 data	 collected	 in	 banks	 1	 and	 2	 only	 are	 employed	 in	 the	
structural	determination	detailed	in	the	following	chapters	as	combined	they	offer	












allowing	 for	 attainment	 of	 quantitative	 information	 from	 the	 characteristic	
diffraction	 patterns	 obtained	 through	 powder	methods.	 The	method	 was	 first	
proposed	by	Hugo	Rietveld	in	196611,	and	first	published	in	196912	with	as	many	
as	172	structures	refined	using	the	method	before	197713.	 Initially,	the	method	
was	 used	 to	 refine	 structures	 against	 patterns	 obtained	 via	 fixed	 wavelength	
neutron	powder	diffraction;	however,	the	method	soon	became	accepted	for	X-
ray	 data,	 for	 both	 fixed	 wavelength	 and	 fixed	 angle	 diffraction.	 The	 method	






























	 𝐹STU = 	 𝑓g
g
exp 2𝜋𝑖 ℎ𝑥g + 𝑘𝑦g + 𝑙𝑧g exp𝑇r	 Equation	3.16	
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model	 peak	 broadening	 and	 the	 overall	 peak	 shape.	 Convolution	 of	 these	




the	 observed	 pattern	 and	 the	 simulated	 pattern	 (based	 on	 the	 simultaneously	
refined	 crystal	 structure)	 is	 obtained.	 Instrumental	 factors,	 background,	 peak	
shape,	 lattice	 metrics	 and	 atomic	 coordinates	 are	 some	 of	 the	 common	
parameters	that	undergo	least	squares	refinement	in	order	to	achieve	a	reliable	
and	 accurate	 fit.	 The	 high-resolution	 powder	 diffraction	 instruments	 available	
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today	 enable	 crystal	 structures	 of	 modest	 size	 to	 be	 determined	 with	 high	
accuracy	using	the	Rietveld	method.	The	optimised	term	in	the	refinement	process	
is	known	as	the	Residual,	Sy.	The	value	of	this	will	reach	a	minimum	when	the	best	
fit	 between	 the	 experimental	 and	 simulated	 patterns	 has	 been	 obtained.	 The	
definition	of	the	Residual	is	given	in	equation	3.19	below.	
	





























An	 additional	 statistic	 that	 is	 given	 upon	 minimisation	 of	 the	 Sy	 value	 is	 the	
“goodness	of	 fit”	or	c2	 value.	This	 is	 the	most	 commonly	used	 indicator	of	 the	




























The	 ISODISTORT	 software	 suite16	 is	 a	 valuable	 tool	 for	 any	 materials	 chemist	
interested	in	the	crystal	chemistry	of	distorted	structures	and	phase	transitions	as	
it	allows	examination	of	the	various	individual	symmetry	operations	that	act	upon	
a	distorted	crystal	 structure	 in	a	 completely	decorrelated	manner.	Using	group	
theory	 approaches	 and	 starting	 from	 the	 highest	 symmetry	 (aristotype)	 space	
group,	a	distorted	structure	can	be	generated	or	examined	in	terms	of	symmetry	




These	 symmetry	 modes	 can	 then	 be	 used	 to	 describe	 the	 distorted	 structure	
relative	to	the	parent.	Physical	order	parameters	such	as	atomic	displacements,	













quantitative	 information	 on	 their	 variation	 as	 a	 function	 of	 temperature	 or	
composition,	for	example.		
	
The	 ISODISTORT	 tool	 has	 an	 incredibly	 broad	 functionality.	With	 this	 tool,	 it	 is	
possible	 to	 search	 for	 all	 isotropy	 subgroups	 deriving	 from	 a	 parent	 crystal	
structure.	 This	 is	 particularly	 useful	 when	 determining	 the	 phase	 evolution	 in	
structures	 such	as	perovskites.	 Similarly,	 it	 can	be	used	 to	 identify	 the	primary	
order	parameter	 involved	 in	a	 specific	phase	 transition	or	 identify	 those	phase	
transitions	 that	 are	 required	 by	 Landau	 theory	 to	 be	 discontinuous.	 Simulated	
diffraction	patterns	based	on	distorted	structures	can	be	visualised,	allowing	for	
the	 identification	 of	 specific	 superlattice	 peaks	 and	 the	 contributing	 symmetry	
modes.	Additionally,	it	is	possible	to	conduct	a	search	for	all	possible	space	group	





mode	 arguments	 aided	 by	 the	 ISODISTORT	 tool	will	 be	 used	 extensively	when	


























In	addition	 to	 individual	amplitudes,	 the	 total	amplitude	 for	each	 irrep.	 and	an	
overall	amplitude	for	the	entire	distortion	(the	root-summed	squared	amplitude	
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system.	Most	 relevant	 to	 the	work	described	 in	 the	 following	 chapters	are	 the	




In	 addition	 to	 the	 identification	 of	 phase	 transitions,	 quantitative	 information	
regarding	the	dielectric	properties	of	ferroelectric	and	ferroelastic	structures	can	
be	 probed.	 The	 ac-IS	 technique	 applies	 a	 small	 oscillating	 potential	 difference	
through	 the	 sample	 yielding	 the	 time	 or	 temperature	 dependent	 current	
response.	Data	are	collected	over	a	wide	frequency	range	of	typically	10-2	–	106	
Hz.	In	terms	of	the	development	of	new	high	performance	materials,	immitance	








(R)	 behaviour,	 associated	 with	 the	 polarisation	 and	 charge	 transfer	 processes	
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= 	𝑍r	 − 𝑗𝑍rr	
Equation	3.25	
	
The	 impedance	 of	 a	 sample	 is	 related	 to	 three	 other	 terms,	 admittance	 (Y*),	




























permittivity,	 e.	 This	 is	 measured	 at	 various	 frequencies	 as	 a	 function	 of	
temperature.	The	relative	permittivity	of	a	material	 is	expressed	as	 its	absolute	






















homogeneity.	The	ball-milled	 sample	was	 then	pressed	 into	 thin	pellets	before	
annealing	 at	 temperatures	 between	 900	 –	 1100	 °C	 depending	 on	 the	 desired	
product.	Prior	to	application	of	electrodes	the	surfaces	of	the	pellet	are	sanded	
down	to	ensure	a	smooth	surface.	Samples	were	electroded	with	either	Ag	paste	




















Figure	3.8 Schematic	 of	 electroded	 pellet	 for	 permittivity	 measurements,	







non-linear	 optics.	 It	 is	 a	 hugely	 important	 diagnostic	 tool	 for	 determining	 the	
optical	 properties	 of	 materials.	 SHG	 techniques	 are	 often	 used	 to	 change	 the	
output	 frequency	 of	 lasers	 and	 additionally,	 have	 applications	 in	 non-linear	





















optics	 they	will	 generate	 a	 SHG	 signal.	 For	 this	 reason,	 SHG	 is	 widely	 used	 to	
indicate	 the	 absence	 of	 a	 centre	 of	 inversion	 in	 crystalline	 materials.	 This	 is	





the	 frequency,	 2w.	 This	 occurs	 when	 two	 photons	 from	 the	 incident	 beam	
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materials	 to	 replace	 the	 industry	 standard	 PZT	 (PbZrxTi1-xO3)1,	 2.	 PZT	 is	 both	
piezoelectric	 and	 ferroelectric,	 demonstrating	 large	 intrinsic	 polarisations	 and	
high	Curie	temperatures,	(TC	typically	~	200	°C3).	Due	to	the	desirable	properties	
of	PZT,	it	is	utilised	in	a	vast	number	of	devices	such	as	ultrasound	transducers4,	
infrared	 detectors5	 and	 memory	 storage	 devices6.	 Thus	 far	 the	 search	 for	 a	
suitable	 replacement	 has	 proven	 challenging.	 Some	 of	 the	 most	 promising	
candidates	to	have	emerged	are	the	family	of	alkali	niobates,	with	much	research	
carried	out	on	the	potassium	doped	sodium	niobate	solid	solution,	KxNa1-xNbO37-9	
,	 which	 displays	 heightened	 dielectric	 responses	 at	 the	 morphotrophic	 phase	
boundary	(MPB)	in	compositions	of	~	x	=	0.5.		
	
The	 parent	 compound	 NaNbO3,	 has	 arguably	 one	 of	 the	most	 complex	 phase	
diagrams	of	any	of	the	simple	ABO3	perovskites.	Work	carried	out	by	Megaw10	in	
1974	 characterised	 a	 total	 of	 seven	 distinct	 phases	 adopted	 by	NaNbO3	 in	 the	
temperature	 region	 -100	 £	 T	 £	 640	 °C.	 Although	 antiferroelectric	 at	 room	






a	 ferroelectric	 structure	 with	 rhombohedral	 R3c	 symmetry	 at	 room	




The	 LNN-12	 composition	 exhibits	 heightened	 dielectric	 properties	 at	 room	
temperature	 likened	 to	 the	 effect	 of	 the	 MPB	 in	 PZT	 and	 other	 systems	 and	
derivatives9,	14,	15.	This	is	due	to	the	presence	of	two	energy	equivalent	states	with	
differently	 orientated	 ferroelectric	 domains,	 thus	 increasing	 the	 dielectric	
response	on	poling	due	to	their	collective	reorientation16.		
	




















contradictory	 results	 on	 this	 matter.	 In	 the	 publication	 by	 Chaker	 the	
orthorhombic	 phase	 Q	 is	 formed	 exclusively	 up	 to	 compositions	 of	 x	 =	 0.15,	
whereas	Yuzyuk	reports	 that	both	the	orthorhombic	 (Q)	and	rhombohedral	 (N)	
phases	form	in	the	region	0.04	<	x	<0.15,	excluding	a	narrow	region	at	x	=	0.12	
where	the	rhombohedral	phase,	bizarrely,	formed	exclusively.	Peel	et	al.	carried	
out	 an	 extensive	 systematic	 survey	 of	 these	 compounds	 by	 varying	 synthesis	
conditions	such	as	annealing	temperature	and	cooling	rates	in	order	relieve	any	
uncertainty.	From	this	they	concluded	that	the	rhombohedral	phase	was	favoured	
under	 conditions	 of	 higher	 annealing	 temperatures	 (1100	 °C)	 and	 fast	 cooling	
(quenching).	Conversely,	the	orthorhombic	phase	was	favoured	under	synthesis	
conditions	using	lower	annealing	temperatures	(950	°C)	and	slow-cooling.	It	was	














































collection	 in	 50	 °	 intervals	 in	 the	 temperature	 range	 50	 <	 T	 <	 900	 °C.	
Measurements	were	carried	out	with	the	assistance	of	Dr.	Aziz	Daoud-Aladine.	
	
Analysis	 of	 the	 PND	 data	 was	 completed	 via	 Rietveld	 refinement	 techniques	





the	 refinement	 of	 atomic	 coordinates	 and	 ADPs.	 For	 each	 composition,	 site	
































The	 PND	 study	 on	 LNN-12	 commences	 at	 50	 °C.	 Inspection	 of	 the	 raw	 data	
indicates	the	rhombohedral	phase	(Na-R3c)	is	present	as	the	majority	phase	at	this	
temperature.	 This	 is	 as	 expected	 as	 the	 synthesis	 strategy	 employed	 for	 the	





indexed	 in	 the	 Na-R3c	 unit	 cell.	 These	 are	 found	 to	 be	 due	 to	 the	 minority	
orthorhombic	 phase,	 Q.	 As	 previously	 mentioned	 in	 the	 introduction	 to	 this	
chapter,	a	phase	co-existence	of	orthorhombic	(Q)	and	rhombohedral	(N)	phases	
occurs	 for	 values	 of	 x	 where	 0.05	 <	 x	 <	 0.20.	 A	 two-phase	 refinement	 of	 the	
diffraction	 data	 recorded	 at	 50	 °C	 (Figure	 4.2),	 finds	 the	 orthorhombic	 phase	














































system	 upon	 the	 introduction	 of	 an	 in-phase	 tilt	 about	 one	 axis.	 Such	 phase	
transitions	 are	 considered	 unusual	 in	 perovskite	 chemistry.	 However,	 they	 are	








2.5	 Å.	 The	 out-of-phase	 tilt	 that	 acts	 about	 the	 b-axis,	 corresponds	 to	
condensation	of	the	R4+	tilt	mode	at	(k	=	½,	½,	½),	generating	a	peak	at	a	d-spacing	






























































































To	 establish	 the	 identity	 of	 this	 emergent	 phase,	 it	 is	 important	 to	 assign	 the	









out	 in	 the	 present	 case.	 This	 assumption	 proves	 invaluable	 as	 ISODISTORT	
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identifies	an	impossibly	large	number	of	supercells	that	can	arise	due	to	M,	R	and	
T	 modes,	 if	 all	 distortion	 modes	 are	 considered.	 To	 identify	 the	 space	 group	
symmetry	of	this	new	phase,	it	is	important	to	understand	the	significance	of	the	




the	unit	 cell.	 	 The	 T-line	peaks	 at	 d-spacings	of	~	 2.24	 and	2.44	Å	 can	only	 be	
indexed	by	applying	a	4ap	multiplicity	along	the	c-axis,	making	the	minimum	unit	
cell	metric	 for	 this	 phase	Ö2ap	´Ö2ap	´	 4ap	 (reminiscent	 of	 phases	 P	 and	 S	 in	
NaNbO321).	Using	the	ISODISTORT	software	suite	it	is	possible	to	search	for	all	unit	
cells	deriving	from	the	parent	cubic	aristotype	structure	that	possess	the	M3+,	R4+	
and	 T4	 irreps.	 simultaneously.	 It	 is	 therefore	 necessary	 to	 trial	 any	 suitable	
candidates	 based	 on	 their	 unit	 cell	metrics.	 The	 issue	 of	 pseudosymmetry	 can	
become	a	challenge	at	this	point,	as	determining	the	symmetry	modes	is	only	a	
part	in	being	able	to	determine	the	precise	symmetry	of	the	unit	cell.	Whilst	the	
nature	of	 the	modes	 is	 unambiguously	 known,	 the	direction	 in	which	 they	 are	
orientated	within	the	crystal	lattice,	and	indeed	whether	they	are	each	associated	
with	 an	 individual	 axis	 or	 superimposed	 along	 the	 same	 axis,	 can	 become	 a	
subtlety	difficult	to	determine.	In	cases	where	there	is	a	high	degree	of	similarity	
between	 the	 unit	 cell	 axial	 lengths	 (which	 can	 be	 purely	 coincidental	 and	 not	
symmetry	related),	the	ability	to	unambiguously	assign	directions	of	the	various	
octahedral	 tilts	 can	 become	 almost	 impossible	 within	 the	 limits	 of	 powder	
diffraction	 techniques.	However,	 based	on	 careful	 consideration	 of	 all	 possible	









mode	 describing	 the	 four	 layers	 of	 NbO6	 octahedra	 along	 c.	 These	 two	
configurations	are	described	with	a	new	notation,	AACC	(previously	observed	in	
Phase	P	of	NaNbO322)	and	A0C0,	as	Glazer	notation	is	only	applicable	to	2ap	´	2ap	
´	 2ap	 unit	 cells	 (note	 that	 within	 this	 new	 notation	 A	 and	 C	 are	 symmetry	
constrained	 to	 be	 of	 equal	 magnitude).	 In	 this	 description	 A	 represents	 an	
anticlockwise	tilt,	C	a	clockwise	tilt	and	0	corresponds	to	zero	tilting.	Schematics	












reasonable	 number,	 it	 is	 assumed	 that	 the	 phase	 at	 350	 °C	 is	 firstly	
centrosymmetric	and	secondly	of	index	value	i	=	96.	This	index	is	used	to	‘rate’	the	






present	 at	 350	 °C).	 These	 6	 options	 (listed	 in	 in	 Table	 4.3)	 are	 chosen	 as	 they	
encompass	all	 simple	variations	on	how	the	tilt	systems	can	be	configured.	For	
example,	 model	 LNN-S1	 has	 all	 three	 irreps.	 condense	 along	 the	 same	 axis,	














in	 Table	 4.3)	 can	 be	 made	 with	 cautious	 application	 of	 damping	 factors.	
Refinement	of	lattice	parameters,	profile	parameters,	fractional	coordinates	and	





T4	modes.	These	amplitudes	provide	good	starting	points	 for	 refinement	 in	 the	
subsequent	five	models.	Mode	amplitudes	were	therefore	set	at	a	value	of	1.4	Å	
for	R4+	and	M3+	modes	and	1.2	Å	for	the	T4+	mode.	Each	model	is	treated	similarly	
















S’	 was	 refined	 for	 the	 data	 in	 the	 temperature	 range	 350	 £	 T	 £	 600	 °C.	 The	
crystallographic	model	for	S’	(fit	to	LNN-S3)	is	included	in	Table	4.4.	It	should	be	
























Nxyz	 Metrics	 Origin	 R4+		M3+	
T4	
T4	 c2	
LNN-S1	 P4/mbm	 9	 Ö2	Ö2	4	 (0,0,0)	 c	c	c	 A0C0	 11.2	
LNN-S2	 Pbcm	 29	 2	4	2	 (0,0,0)	 a	a	b	 A0C0	 4.74	
LNN-S3	 Pnma	 31	 2	2	4	 (0,0,0)	 a	b	c	 A0C0	 2.61	
LNN-S4	 C2/m	 30	 2	2	4	 (1/2,1/2,0)	 (a,c)	c	c	 A0C0	 ~4	
LNN-S5	 Pmmn	 33	 2	2	4	 (0,0,0)	 c	(a,b,c)	
c	
A0C0	 3.04	
LNN-S6	 Pmma	 	 4	2	2	 (-1/2,1/2,0)	 c	c	a	 AACC	 	
LNN-S7	 Pmma	 	 2	2	4	 (-1/2,0,1/2)	 c	a	c	 AACC	 	
LNN-S8	 Pmmn	 35	 4	2	2	 (1/2,0,1/2)	 c	b	a	 AACC	 2.45	






















































































































the	 PND	data	 in	 terms	of	 tilt	modes,	 a	model	with	Cmcm	 symmetry	 is	 initially	
trialled	as	a	fit.	The	fit	to	this	model	is	satisfactory	both	statistically	and	graphically,	
but	 for	 completeness	 the	 two	 other	 centrosymmetric	 tilt	 systems	 arising	 from	












































































Upon	elevating	 the	 temperature	 to	700	°C,	evidence	of	a	2nd	order	continuous	
phase	 transition	 is	 observable	with	 the	 complete	disappearance	of	 the	R-point	
peaks.	 With	 reference	 to	 the	 work	 by	 Howard	 and	 Stokes23,	 	 the	 only	 phase	
transition	 that	 is	 permitted	 to	 be	 continuous	 is	Cmcm	 ->	P4/mbm	 (T1	 ->	 T2	 in	







Table	4.7 Crystallographic	 data	 for	 LNN-12	 at	 700	 °C	modelled	 in	 the	P4/mbm	 space	













































cubic	 symmetry,	 Pm3m	 (U).	 Again,	 this	 phase	 transition	 goes	 via	 a	 2nd	 order	
continuous	mechanism	as	dictated	by	Landau	theory	(corresponding	to	a	Glazer	
tilt	 system	 change	 a0a0c+	 to	 a0a0a0).	 The	 fit	 to	 Pm3m	 at	 750	 °C	 is	 statistically	
excellent	(c2	=	1.50).	Despite	the	absence	of	superlattice	peaks	in	the	PND	data,	
anisotropic	 refinement	of	 the	atomic	displacement	parameters	 (ADPs)	suggests	
some	degree	of	octahedral	tilting	remains	even	at	900	°C	(U11	=	0.081(4),	U22/U33	













































range	 50	 £	 T	 £	 600	 °C	 is	 shown	 in	 Figure	 4.11.	 A	 slight	 hysteresis	 effect	 is	









permittivity	 data.	 However,	 this	 is	 most	 likely	 as	 phase	 Q	 is	 present	 at	 the	




does	 not	 diminish	 the	 validity	 of	 the	 qualitative	 information	 presented	 in	 the	
permittivity	 measurements	 regarding	 the	 temperature	 of	 the	 observed	 phase	
transitions.	 LNN-12	 exhibits	 classic	 ferroelectric-type	 behaviour	 with	 the	














was	 performed	 using	 the	 ISODISTORT	 online	 resource20.	 The	 mode	 amplitude	
output	from	ISODISTORT	for	the	T4	mode	versus	temperature	(Figure	4.12)	shows	
a	 declining	 magnitude	 as	 the	 S’	 ->	 T1	 transition	 is	 approached,	 however,	 still	
retains	a	significant	amplitude	at	600	°C.	To	evaluate	the	critical	temperature	(Tc)	
associated	 with	 the	 T4	 order	 parameter,	 the	 mode	 amplitude	 is	 fitted	 to	 a	




fit,	 this	result	 from	the	fit	 is	encouraging	as	 it	 is	 in	good	agreement	with	direct	
interpretation	of	the	crystallographic	data	that	gives	Tc	to	be	in	the	region	600	<	
Tc	 <	 650	 °C.	 The	 low	 value	 of	 b	 is	 suggestive	 of	 a	 1st	 order	 discontinuous	
mechanism.	The	power	law	expression	used	to	fit	the	mode	amplitudes	is	adapted	




























of	 temperature	 for	 LNN-12	 (Figure	 4.14	 (a)	 and	 (b))	 show	 evidence	 for	 a	
discontinuous	phase	transition	upon	transformation	from	R3c	(N,	a-a-a-)	to	P21ma	
(Q,	a+b-b-)	symmetry,	in	agreement	with	symmetry	mode	analysis	and	PND	data.	
Similarly,	 the	 jump	 in	 lattice	 parameters	 on	 going	 from	 Phase	 Q	 to	 Phase	 S’	
confirms	the	1st	order	nature	of	this	phase	transition.	Whilst	the	S’	->	T1	phase	
transition	appears	to	be	continuous	from	observation	of	the	trends	 in	both	the	




















model)	at	400	°C	 is	 shown	 in	Figure	4.15.	 In	 this	model,	each	of	 the	 irreps.	act	
about	an	individual	axis,	with	the	R4+	out-of-phase	tilt	around	a,	the	in	phase	M3+	
tilt	around	b	and	the	T4	tilt	in	the	A0C0	configuration	acting	around	c.	In	contrast,	
the	 related	 NaNbO3	 phase,	 S,	 has	 a	 compound	 tilt	 system	 along	 c	 with	
contributions	from	all	three	tilt	modes	(although	predominantly	from	the	R4+	and	
T4	modes)	 in	 CCCC	 (M3+),	 ACAC	 (R4+)	 and	 A0C0	 (T4)	 configurations.	 In	 the	 new	




for	 this	 phase,	 LNN-S3	 and	 LNN-S8,	 possess	 each	 of	 the	 three	 tilts	 along	 an	
individual	 crystallographic	 axis.	 As	 discussed	 previously,	 the	 only	 difference	
between	these	two	models	is	found	in	the	configuration	of	the	T4	mode,	with	the	
A0C0	configuration	in	LNN-S3	and	the	AACC	configuration	in	the	model	named	as	
LNN-S8.	 At	 this	 level	 of	 detail,	 issues	 related	 to	 pseudosymmetry	 become	 a	
significant	problem,	making	it	impossible	to	distinguish	which	configuration	the	T4	
mode	adopts	in	Phase	S’	even	with	the	high	resolution	achieved	using	the	HRPD	


















The	 structural	 evolution	 as	 a	 function	 of	 temperature	 of	 the	 system	














































At	 higher	 temperatures,	 the	 Mishra	 study	 is	 generally	 in	 agreement	 with	 the	
findings	presented	here	with	a	T1-	T2	-	U	phase	progression	reported.	However,	
the	phase	at	650	°C	is	assigned	as	T2,	whereas	in	the	PND	data	presented	here	a	


























the	 PND	 data.	 A	 separate	 dielectric	 study	 by	 Mitra29	 shows	 anomalies	 in	 the	
relative	permittivity	at	temperatures	of	~	250	°C	and	~	320	°C.	Characterisation	
by	 laboratory	XRD	analysis	of	 the	LNN-12	sample	utilised	 in	 the	study	by	Mitra	




lying	 within	 the	 parameters	 proposed	 for	 the	 Q	 ->	 S’	 transition	 from	 the	
crystallographic	data	 (250	<	Tc	<	350	 °C).	 It	 is	 difficult	 to	draw	many	definitive	



















phase	 mixture	 of	 orthorhombic	 (Q)	 and	 rhombohedral	 (N)	 phases.	 Synthesis	
conditions	were	chosen	to	ensure	that	Phase	Q	was	present	as	the	majority	phase,	







elevation	 of	 the	 temperature	 to	 150	 °C,	 the	 peak	 associated	 with	 the	
rhombohedral	phase	at	a	d-spacing	of	~	2.2	Å	is	lost	and	complete	conversion	to	
the	orthorhombic	phase,	Q,	is	confirmed	by	Rietveld	refinement	(crystallographic	















































































phase	S	has	a	 compound	 tilt	 system	with	R4+	and	T4	 tilts	acting	 simultaneously	
along	c	(although	there	is	an	additional,	smaller	contribution	from	the	M3+	mode),	
whereas	each	tilt	in	phase	S’	acts	about	an	individual	axis.	Whilst	the	cell	metrics	










variables).	 Similarly,	modelling	 of	 the	M-point	 peak	 at	d	~2.5	 Å	 is	 poor	 in	 this	
model,	providing	further	evidence	that	the	conformation	of	octahedral	tilts	in	this	































suite,	 models	 with	 a	 Ö2ap	 ´	 Ö2ap	 ´	 n	 ap	 unit	 cell	 containing	 as	 a	 minimum	
requirement	a	T4	mode	were	derived.	For	T-points	that	occur	between	1/10	£	𝛾	£	








spacing	 value	 to	match	 the	 peak	 in	 the	 observed	 pattern,	 therefore	 points	 at	















M3+,	R4+	and	T4	octahedral	 tilt	modes	 simultaneously	 requires	more	computing	
power	than	is	available.	Even	in	the	event	that	each	viable	model	was	identified	













diminished,	 therefore	 centrosymmetric	 space	groups	deriving	 from	 tilt	 systems	
with	 simultaneous	 in-phase	 and	 out-of-phase	 tilts	 are	 considered	 as	 viable	
candidates.	There	are	 three	 such	 tilt	 systems	according	 to	Howard	and	Stokes,	
Cmcm	 (a0b+c-),	 Pnma	 (a+b-b-)	 and	 P42/nmc	 (a+a+c-).	 With	 consideration	 to	 the	
structural	behaviour	in	both	the	LNN-12	and	NaNbO3	systems,	a	phase	with	Cmcm	












space	 group	 (c2	 =	 2.09)	 also	 results	 in	 an	 offset	 on	 the	 same	 M-point	 peak,	
confirming	 unambiguously	 that	 the	 phase	 at	 600	 °C	 adopts	 a	 structure	 with	
orthorhombic	Cmcm	symmetry	(T1).	Graphical	representations	of	the	various	fits	



































































are	 given	 in	 Table	 4.11.	 The	 results	 highlight	 a	 tendency	 for	 the	 degree	 of	












































































used	 for	 both	 space	 group	 symmetries	 to	 ensure	 a	 fair	 comparison.	 At	 both	
temperatures,	the	Pnma	model	results	in	a	poorer	fit	overall	to	the	data	than	the	
model	with	P21ma	symmetry	(at	20°C	P21ma:	c2	=	2.44	for	56	variables;	Pnma	c2	













the	PND	data.	 The	difference	 in	 the	diffraction	profile	 at	d	~	 1.95	Å,	 shown	 in	








present,	 however	 no	 additional	 peaks	 associated	 with	 a	 more	 complex	
















With	 consideration	 to	 the	 structural	 behaviour	 of	 both	 LNN-12	 and	 LNN-8	
compositions	over	a	similar	temperature	region,	and	additionally,	the	positioning	



















of	 x/10	 along	 the	 T-line	 is	 described.	 Simulated	 models	 are	 compared	 to	 the	


































































the	 temperature	 by	 50°C	 indicates	 a	 phase	 transition	 has	 occurred	 with	 the	
associated	loss	of	the	diffuse	superlattice	peaks	attributed	to	the	two	potential	T4	
modes.	Both	the	R-	and	M-point	peaks	remain	upon	the	transition,	therefore	a	
phase	 with	 Cmcm	 symmetry	 is	 fitted	 to	 the	 data	 at	 550	 °C	 (c2	 =	 3.72	 for	 45	
variables),	given	the	behaviour	of	the	previous	compositions.	As	before,	the	data	
at	 550	 °C	 are	 also	 fitted	 to	 models	 with	 Pnma	 and	 P42/nmc	 symmetry.	 A	
	 129	
comparative	 fit	 to	Cmcm	 can	be	made	 in	 the	P42/nmc	 setting	 (c2	=	4.55	 for	45	
variables),	however,	statistically	 the	 fit	 is	poorer	 in	 the	tetragonal	space	group.	
Fitting	 the	 data	 at	 550	 °C	 to	 a	 Pnma	 model	 reveals	 the	 refinement	 is	 highly	
unstable.	The	splitting	of	the	(200)	subcell	peak	imposed	by	Pnma	symmetry	is	not	
observed	 in	 the	 diffraction	 data,	 whilst	 the	 modelling	 of	 the	 M-point	 peak	 is	
inadequate	in	this	setting.	Given	the	evidence	and	precedent,	it	is	appropriate	to	
conclude	that	LNN-3	adopts	a	phase	with	Cmcm	symmetry	at	550	°C.	At	600	°C	a	
further	 phase	 transition	 is	 indicated	 with	 the	 loss	 of	 the	 R-point	 peak	








900	 °C,	 continuing	 the	 trend	 observed	 for	 LNN-8,	 -12	 and	 pure	 NaNbO3	 itself.	

























































































and	 -3	as	 they	offer	 the	best	modelling	of	each	 respectively	amongst	 the	well-
defined	long-range	tilt	systems.	The	precision	of	the	lattice	parameters	obtained	

























The	 long-range	 superlattices	which	 evolve	 from	phase	Q	 observed	 in	 both	 the	
LNN-3	 and	 LNN-8	 systems,	 whilst	 perhaps	 surprisingly	 large,	 highlight	 the	
interesting	behaviour	of	this	system	as	a	function	of	lithium	content.	It	appears	
that	the	S	and	R	phases	in	NaNbO3	with	well-defined	4ap	and	6ap	superlattices	give	
way	 to	 the	more	 diffuse	 longer-range	 tilt	 systems	 in	 LNN-3	 and	 LNN-8	 before	
returning	to	a	well-defined	Ö2ap	´	Ö2ap	´	4ap	repeating	unit	in	LNN-12	(albeit	with	
a	different	tilt	arrangement	to	that	exhibited	in	phase	S	of	NaNbO3).	The	difficulty	
associated	with	 assigning	 the	exact	 space	 group	 symmetry	of	 the	 longer-range	
superlattices	adopted	in	LNN-3	and	LNN-8	is	regrettable	as	they	both	appear	to	be	
unique	 with	 regard	 to	 the	 range	 of	 structures	 adopted	 by	 NaNbO3	 and	 its	
analogous	 compounds.	 The	 progression	 in	 these	 extended	 superlattices	 as	 a	
function	of	x	 could,	 perhaps	 in	 part,	 be	 rationalised	 as	 the	 system	progressing	
between	 phases	 reminiscent	 of	 phase	 R	 (at	 lower	 values	 of	 x)	 and	 phases	
increasingly	closely	related	to	phase	S	as	the	value	of	x	 increases	condensing	at	
different	points	along	the	T-line	between	g	=	1/3,	and	g	=	1/4.	Whilst	condensation	
of	 the	 T4	mode	 does	 without	 doubt	 occur	 in	 both	 LNN-3	 and	 LNN-8,	 it	 is	 not	




















are	 not	 included	 in	 the	 theoretical	work	 by	 Glazer30	 and	 later	 by	 Howard	 and	





derivative	 structures	 than	 those	 traditionally	 considered.	 The	 susceptibility	 of	








«)	 resulting	 in	 a	 Pbcm	 structure	 with	 a	 Ö2ap	 ´Ö2ap	 ´	 4ap	 periodicity,	
isostructural	with	Phase	P	in	NaNbO3.		
	
In	 addition	 to	 the	 CaxSr1-xTiO3	 	 solid	 solution,	 such	 long-range	 structures	 in	
perovskites	have	been	witnessed	in	KLaMnWO6,	with	a	10ap	´	10ap	´	2ap	repeat	
unit32.	In	this	structure,	it	was	found	that	the	out-of-phase	tilt	acting	around	both	
the	 a-	 and	 b-axes	 is	 interrupted	 periodically	 by	 an	 in-phase	 tilt	 every	 five	









Previous	 work	 has	 shown	 that	 the	 R	 and	 S	 phases	 in	 NaNbO3	 adopt	 largely	








is	 possible	 that	 incommensurate	 modulations	 which	 involve	 T4	 mode	
condensation	at	fractions	that	are	as	such	unrelated	to	the	supercell	of	the	bulk	







the	 peaks	 in	 the	 high	 resolution	 back	 scattering	 (bank	 1),	 observed	 over	 the	
temperature	range	350	≤	T	≤	500	°C,	is	necessary	in	order	to	accurately	identify	
the	g	value	along	the	T-line	at	which	the	T4	mode	becomes	unstable.	To	achieve	
this,	additional	data	collection	 for	 longer	periods	of	 time	would	be	 required	 to	






Whilst	 all	 three	 compositions	 appear	 to	 adopt	 quite	 different	 long-range	 tilt	
systems,	 the	 general	 phase	 progression	 as	 observed	 for	 LNN-3,	 -8	 and	 -12	
compositions	is	the	same,	being	Q	->	‘S-like’	->	T1	->	T2	->	U.	Figure	4.31	highlights	
the	group-subgroup	relationship	between	these	phases	as	determined	by	Howard	






centrosymmetric	 groups	 arising	 from	 R4+	 and	 M3+	 tilts	 only.	 Dashed	 lines	 represent	
transitions	that	are	forbidden	by	Landau	theory	to	be	continuous.	Solid	lines	represent	




























the	exact	symmetries	of	 these	phases	 is	merited.	Observations	of	 the	raw	PND	
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techniques,	 relative	 permittivity	 measurements	 and	 symmetry	 mode	 analysis.	
Previous	work	regarding	the	crystalline	phase	of	LNN-20	at	room	temperature	has	
been	the	source	of	some	confusion,	with	contradictory	reports	in	the	literature.	






phases	with	 rhombohedral	 symmetry,	one	Na-rich	 (Na-R3c)	 and	one	Li-rich	 (Li-
R3c).	 These	 two	 ferroelectric	 rhombohedral	 phases	 are	 present	 over	 the	wide	
composition	 range	 of	 0.20	 ≤	 x	 ≤	 0.96.	 Relative	 phase	 fractions	 have	 a	 linear	


















A	phase	pure	 sample	weighing	~	 5	g	of	 LNN-20	was	 synthesised	via	 traditional	





heating	and	cooling	 rate	of	approximately	10	°	min-1.	 The	pellets	 formed	were	
approximately	 10	mm	 in	diameter	 and	5	mm	 thick.	 The	annealed	pellets	were	
reground	after	the	sintering	process	was	complete	so	that	phase	analysis	could	be	




















the	 refined	 structures	 was	 carried	 out	 using	 the	 ISODISTORT	 suite8.	 A	 self-
consistent	 refinement	 strategy	 was	 employed	 throughout;	 this	 involved	




(ADPs)	were	 refined	 for	 each	 data	 set	 (again	with	 equivalent	Na	 and	 Li	 atoms	
constrained	to	be	equal,	and	some	additional	constraints	in	specific	cases,	detailed	




























of	 the	 fundamental	 beam	 with	 the	 use	 of	 a	 green	 filter.	 A	 beam	 splitter	 and	





















previous	work	 on	 the	 LixNa1-xNbO3	 solid	 solution3.	 This	 rhombohedral	 phase	 is	
isostructural	with	the	low	temperature	ferroelectric	phase	of	pure	NaNbO311	or	

















































has	 taken	 place	 (phase	 fractions	 ~	 74/26	 %,	 20/80%	 and	 7/93%,	 for	 the	
























coordinates	plus	 isotropic	 thermal	displacement	parameters)	allowing	for	a	 fair	

































PND	 data.	 Four	 possible	models	with	 differing	 space	 group	 symmetries	 derive	
from	the	parent	P42/nmc	phase	therefore	these	were	trialled	as	fits	to	the	data	at	
300	 °C.	 Of	 these	 potential	 models	 the	 P42mc	 space	 group	 gave	 the	 most	
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satisfactory	 fit	 to	 the	data.	P42mc	 is	 the	only	polar	 subgroup,	 the	 three	others	
being	non-centrosymmetric	but	also	non-polar.	The	outcomes	of	the	various	fits	
trialled	to	the	data	at	300	°C	is	included	in	Table	5.2.	The	graphical	outputs	of	the	
fits	 to	 Cmcm,	 P42/nmc	 and	 P42mc	 are	 shown	 in	 Figure	 5.3.	 Note	 the	 biggest	
improvement	 that	 can	 be	 seen	 graphically	 between	 the	 centrosymmetric	 and	
polar	models	is	fitting	of	the	(206)	subcell	peak	at	a	d-spacing	of	~	1.24	Å.		
	
Table	5.2 Comparison	 of	 the	 respective	 Rietveld	 refinements	 for	 the	 two	 viable	
centrosymmetric	 models	 according	 to	 PND	 data	 at	 300	 °C,	 in	 addition	 to	 non-




sites.	 For	 the	 non-centrosymmetric	 models,	 O	 atom	 ADPs	 were	 constrained	 in	 pairs	
according	to	the	splitting	patterns	from	the	parent	phase	where	appropriate.	


































T	 <	500	°C	 includes	 refinement	of	18	background	coefficients,	1	 scale	 factor,	3	
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instrument	parameters,	3	unit	cell	dimensions,	6	profile	parameters,	17	atomic	
coordinates	 and	 7	 thermal	 parameters.	 Atomic	 coordinates	 are	 constrained	 so	
that	equivalent	sodium	and	lithium	sites	are	equal,	with	thermal	parameters	for	
Na	 and	 Li	 constrained	 similarly.	 Transformation	 to	 the	 polar	 subgroup	 from	
centrosymmetric	P42/nmc	involves	splitting	of	two	of	the	oxygen	atom	sites	and	
one	sodium	site,	thus	in	the	P42mc	setting	thermal	parameters	for	oxygen	atoms	

























































































































































completely,	 indicative	 of	 a	 1st	 order	 discontinuous	 phase	 transition.	 With	
reference	 to	 the	 group-subgroup	 relationships	 established	 by	 Howard	 and	
Stokes13,	 there	 are	 two	 space	 groups	 comprising	 solely	 of	 an	 in-phase	 tilt	 that	
could	occur	via	a	discontinuous	phase	transition,	cubic	Im3	(a+a+a+)	and	tetragonal	
P4/mbm	(a0a0c+).	The	third	option,	tetragonal	I4/mmm	(a0b+b+)	should,	according	
to	 Landau	 theory,	 proceed	 as	 a	 continuous	 transition.	 Therefore,	 I4/mmm	
symmetry	 is	 considered	 the	 least	 likely	 of	 the	 three	 viable	 models	 given	 the	
changes	 observed	 in	 the	 PND	 data.	 For	 completeness,	 a	 model	 with	 I4/mmm	
symmetry	is	fitted	to	the	data	at	800	°C,	however	the	fit	is	statistically	poor	with	
unreliable	values	for	the	reported	ADPs	(c2	=	12.71,	negative	Uiso	values	for	sodium	




unstable	 to	anisotropic	 refinement	of	 the	 thermal	parameters.	The	 final	model	
(space	group	P4/mbm;	Glazer	tilt	system	a0a0c+)	gives	the	most	satisfactory	fit	to	
the	data	at	800	°C	(c2	=	3.29,	Figure	5.6)	and	allows	for	anisotropic	refinement	of	
the	 thermal	 parameters,	 providing	 convincing	 evidence	 for	 a	 1st	 order	 phase	
transition	 from	 P42/nmc	 (a+a+c-)	 to	 P4/mbm	 (a0a0c+).	 A	 phase	 with	 P4/mbm	

















no	 longer	 visible	 in	 the	 raw	PND	data,	 signalling	a	 structure	with	 cubic,	Pm3m	
symmetry	 is	 adopted	at	 this	 temperature.	Refinement	of	 the	data	 in	 the	 cubic	
model	at	900	°C	gives	a	c2	value	of	2.90.	Additional	peaks,	attributable	to	the	Li-
R3c	phase	formed	at	the	synthesis	stage	are	clearly	visible	in	the	data	at	900	°C.	
The	 loss	 of	 complicating	 factors,	 such	 as	 the	 high	 degree	 of	 peak	 overlap	
experienced	at	RT,	enables	refinement	using	a	phase	co-existence	model	of	Pm3m	
and	Li-R3c	phases	at	this	temperature.	This	phase	co-existence	model	(Figure	5.7)	
offers	 a	 significant	 improvement	 to	 the	 c2	 value	 (c2	 =	 1.52),	 quantifying	 the	
percentage	 of	 the	 Li-R3c	 present	 with	 respect	 to	 the	 bulk	 as	 ~	 3%.	 It	 can	 be	


























reported	 previously	 in	 a	 publication	 by	 Mitra14.	 In	 agreement	 with	 those	
presented	in	this	study,	Mitra	observes	a	clear	dielectric	event	at	T	~	450	°C.	In	
addition	to	this,	a	very	broad	peak	can	be	observed	just	above	200	°C,	which	whilst	
not	 in	 agreement	 with	 the	 permittivity	 measurements	 shown	 in	 Figure	 5.8,	






































most	 significant	 structural	 distortion	 modes	 for	 this	 phase;	 the	 ferroelectric	
geometric	strain	(G4-)	and	out-of-phase	tilt	mode	(R4+)	(Figure	5.10).	The	G4-	mode	
amplitude	corresponds	to	the	ferroelectric	distortion	and	as	such	directly	relates	
to	 the	 polarisation	 along	 c.	 The	 polarisation,	whilst	 decreasing	with	 increasing	
temperature	 as	 is	 the	 expected	 trend,	 retains	 a	 significant	 amplitude	 at	 a	
temperature	of	100	°C.	The	R4+	tilt	mode	corresponding	to	the	out-of-phase	tilt	
(which	acts	upon	all	three	crystallographic	axes	simultaneously	in	the	R3c	setting	









































compare	 the	 resulting	 mode	 amplitudes	 for	 the	G4-	mode.	 This	 gave	 an	 error	
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gradual	 merging	 observed	 for	 the	 a	 and	 c	 parameters	 as	 the	 polar	 –	
centrosymmetric	 transition	 is	 approached	 indicate	 this	 transition	 is	 2nd	 order,	
when	lattice	parameters	alone	are	considered.	Whilst	there	is	no	evidence	of	a	1st	






permitted	 to	proceed	 continuously,	 not	 that	 it	 necessarily	does.	 The	enhanced	
tetragonality	of	the	P42mc	phase	as	a	result	of	the	polar	displacements	along	c	is	
clearly	demonstrated	by	the	large	discrepancy	in	a	and	c	lattice	parameters	at	200	







 Normalised	 lattice	 parameters	 versus	 T	 obtained	 from	 Rietveld	
refinement	of	PND	data.	The	a	 lattice	parameter	is	represented	by	red	circles	and	c	by	














particularly	peculiar.	 To	 facilitate	 this	 transition	 the	out-of-phase	 tilt	 about	 the	
[111]	axis	of	the	parent	cubic	cell	in	the	Na-R3c	phase	must	change	direction	to	
act	about	[001]	in	P42mc.	This,	in	itself,	is	not	unusual.	However,	in	order	to	meet	
the	 symmetry	 requirements	 imposed	 by	 the	 P42mc	 phase,	 a	 one-tilt	 system	
necessarily	 becomes	 two,	 with	 the	 addition	 of	 an	 in-phase	 tilt	 simultaneously	
about	[110]	(corresponding	to	a	Glazer	tilt	system	change	of	a-a-a-	->	a+a+c-).	It	can	
be	assumed	 that	 the	RT	structure	 is	adopted	due	 to	energy	stabilising	benefits	


















units).	Co-operative	niobium	shifts	 result	 in	a	polarisation	along	 the	c-axis	with	
out-of-phase	 octahedral	 tilting	 acting	 simultaneously	 about	 each	 of	 the	 three	











The	 P42mc	 and	 P42/nmc	 phases	 observed	 at	 intermediate	 temperatures	 are	
examples	of	the	very	rare	a+a+c-	tilt	pattern.	The	presence	of	not	only	one	but	two	
variants	 of	 the	 a+a+c-	 tilt	 in	 a	 single	 system	 is	 unprecedented	 in	 perovskite	
chemistry.	The	a+a+c-	 	 tilt	system	is	one	of	the	few	in	which	the	octahedral	tilts	
remove	the	crystallographic	degeneracy	of	the	A-site	cations17,	and	as	such	it	has	




in	 the	 aristotype	 form	 (P42/nmc),	 in	 the	 double	 perovskites	 CaFeTi2O618	 and	
LnMn(Ga0.5Ti0.5)2O6	 (Ln	 =	 Sm,	Gd)19	 and	only	 once	 in	 the	polar	 form	 (P42mc)	 in	





and	 aristotype	 form	 are	 double	 perovskites	which	 incorporate	 unusually	 small	
cations	 at	 the	 A-site	 (Fe2+	 or	 Mn2+	 typically	 occupy	 the	 perovskite	 B-site),	
synthesised	 under	 very	 high	 pressure	 conditions	 (12-15	 GPa	 for	 CaFeTi2O6	 for	













smaller	 sites	 with	 four	 shortened	 A-O	 bonds	 adopting	 square	 planar	 and	
tetrahedral	geometries	(together	these	account	for	half	of	all	A-site	geometries).	





finally	 a	 square	 planar	 geometry	 with	 its	 four	 third	 nearest	 neighbours.	 The	
opposite	is	true	for	the	second	4	coordinate	site,	with	four	nearest	neighbours	in	











Mn2+	 cations	promotes	A-site	 ordering	 (with	 Fe	 and	Mn	occupying	 the	 smaller	
tetrahedral	and	square	planar	sites).	This	results	in	columns	of	10	coordinate	Ca	
and	 alternating	 tetrahedral	 and	 square	 planar	 Fe	 or	 Mn	 along	 the	 c-axis.	 No	
evidence	of	similar	ordering	of	Na	and	Li	sites	in	LNN-20	can	be	found	from	the	
available	 data,	 which	 would	 make	 it	 the	 first	 example	 of	 this	 tilt	 system	 in	 a	
structure	in	which	A-site	ordering	is	absent.	A	ball	and	stick	representation	of	the	
centrosymmetric	 phase	 highlighting	 the	 columnar	 ordering	 of	 the	 three	 A-site	









Intriguingly,	 the	 only	 previous	 example	 of	 a	 perovskite	 structure	 with	 P42mc	
symmetry,	 CaMnTi2O6	 20,	 exhibits	 polarisation-field	 hysteresis	 at	 room	
temperature	with	 a	 reported	 Curie	 temperature	 (TC)	 of	 357	 °C.	Unfortunately,	





















 Na	 –	 O	 co-ordination	 in	 the	 P42mc	 phase	 (at	 300	 °C)	 showing	 co-
ordination	of	Na	to	O	at	the	four	unique	Na	crystallographic	sites.	Oxygen	atoms	of	the	











distorted	 square	 planar	 geometry	with	 bond	 angles	 of	 89.4(6)	 °,	 88.6(6)	 °	 and	















expectedly	 show	 that	 the	 Na+	 cations	 are	 underbonded.	 The	 degree	 of	
underbonding	is	less	severe	than	that	of	the	Mn2+	cations	in	CaMnTi2O6,	which	is	
most	likely	due	to	the	larger	alkali	cation	at	the	A-site	in	LNN-20	(Ionic	radii	(IR)	of	
4	 coordinate	 Mn2+	 =	 0.66	 Å,	 compared	 with	 0.99	 Å	 for	 Na24).	 The	 degree	 of	
underbonding	for	the	square	planar	site	in	CaMnTi2O6	is	more	severe	than	that	in	






































































































involves	 the	 loss	 of	 both	 the	 A-site	 cation	 displacements	 and	 the	 SOJT	 B-site	
displacements.	This	is	highlighted	in	Figures	5.23	and	5.24(a)	which	show	the	more	




site	 (IR	 of	 4	 coordinate	 Fe2+	 =	 0.63).	 The	 four	 shortened	 Na-O	 bonds	 in	 both	










































likely	 due	 to	 the	 absence	 of	 the	 polar	 shifts	 in	 the	 square	 planar	 geometry.	
Schematics	 highlighting	 the	 ten	 coordinate,	 square	 planar	 and	 tetrahedral	
geometries	adopted	at	 the	Na1,	Na2	and	Na3	sites	respectively	are	 included	 in	














































































































































ambient	 pressure.	 The	 polar	 nature	 of	 the	 phase	 present	 for	 the	 temperature	
range	300	£	T	£	450	°C	is	confirmed	via	SHG	experiments,	however	attempts	to	
demonstrate	 ferroelectricity	 for	 the	P42mc	phase	proved	unsuccessful.	Relative	
permittivity	 measurements	 provide	 corroboration	 of	 the	 temperature	 regions	
identified	for	the	observed	phase	transitions	in	the	PND	data.	With	consideration	
to	the	diverse	range	of	structures	adopted	involving	T4	tilt	modes	described	in	the	
previous	 chapter,	 the	 similarly	 unique	 but	 vastly	 different	 structural	 behaviour	
exhibited	 by	 LNN-20	 further	 demonstrates	 the	 crystallographic	 intrigue	 of	 the	
NaNbO3	family.	Whilst	the	reasons	behind	the	unusual	phase	progression	adopted	
	 183	
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In	 addition	 to	 materials	 with	 ferroelectric	 properties,	 ferromagnetic	 and	
multiferroic	 compounds	 are	 of	 great	 importance	 in	 the	 development	 of	 new	
technologies.	 In	 this	 chapter,	 a	 detailed	 structural	 analysis	 of	 the	 rare	 earth	
orthoferrite	 LaFeO3	 is	 undertaken	with	 the	use	of	 a	 variable	 temperature	 PND	











such	 as	 fuel	 cell	 cathode	materials2,	 magnetic	 optics3,	 sensors4	 and	 catalysis5.	




with	 large	 tilt	 angles	 (associated	with	 a	 tolerance	 factor	 deviating	 significantly	
from	1)	the	a+b-b-	tilt	system	provides	the	lowest	energy	structure	as	it	maximises	
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the	 A-site	 co-ordination	 whilst	 simultaneously	 minimising	 the	 repulsive	 A-X	
overlap8.	 LaFeO3	 undergoes	 a	 high	 temperature	 transition	 to	 a	 rhombohedral	
phase	 with	 R3c	 symmetry	 (Glazer	 notation	 a-a-a-)	 at	 T	 ~	 1228	 K.	 This	 can	 be	
rationalised	 due	 to	 the	 reduction	 in	 the	 octahedral	 tilting	 angles	 at	 high	
temperature,	which	in	turn	lessens	the	ion-ion	repulsion	that	initially	prevents	this	




to	 the	 orthorhombic	 –	 rhombohedral	 transition.	 Therefore,	 this	 work	 aims	 to	
identify	 the	 structural	 driving	 force	 behind	 this	 crossover	 in	 LaFeO3.	 The	
octahedral	tilting	in	the	Pnma	phase	gives	rise	to	a	distorted	unit	cell	with	a	cell	
multiplicity	of	Ö2ap	´	2ap	´	Ö2ap.	 In	addition	 to	 identifying	 the	structural	driving	
force	for	the	c	>	a	crossover,	this	study	is	a	follow	up	to	previous	work	in	the	group	
which	focused	on	the	structural	response	of	multiferroic	Bi0.5La0.5FeO3	(BLFO50)	






























Sample	 purity	 was	 confirmed	 by	 PXRD	 analysis.	 Patterns	 were	 obtained	 on	 a	
PANalytical	Empyrean	diffractometer	(Cu	Ka1	radiation	source).		
	
Variable	 temperature	 PND	 experiments	 were	 carried	 out	 using	 both	 the	 High	
Resolution	Powder	Diffractometer	(HRPD)	instrument	(for	25	£	T	£	550	K)	and	the	
General	Materials	Diffractometer	(GEM)	(for	525	£	T	£	1284	K)	instruments	at	the	
ISIS	 facility,	 Oxfordshire.	 A	 sample	 weighing	 ~	 3g	 was	 loaded	 into	 a	 13	 mm	
cylindrical	 vanadium	 canister	 and	 placed	 in	 the	 diffractometer	 furnace,	 before	
being	suspended	in	the	neutron	beam.	Scans	were	counted	for	40	µAh	and	50	µAh	




Analysis	 of	 the	 neutron	 diffraction	 patterns	 was	 carried	 out	 via	 Rietveld	
refinement	 methods	 using	 the	 GSAS	 software	 package12	 and	 the	 EXPGUI12	
interface.	For	HRPD	data	a	consistent	refinement	strategy	was	used,	consisting	of	





















































































corresponds	 to	 a	 change	 in	 the	 Glazer	 tilt	 system	 from	 a+b-b-	 ->	 a-a-a-.	 This	























































using	 the	 EXPGUI	 graphical	 interface12	with	 the	magnetic	moment	 constrained	
along	 the	 c-axis.	 The	 dominant	 peak	 corresponding	 to	 the	 magnetic	 ordering	
appears	 in	 the	diffraction	data	 at	 a	 d-spacing	of	~	 4.55	Å.	 Rietveld	 refinement	











moment	 as	 a	 function	 of	 temperature	 is	 shown	 in	 Figure	 6.7.	 The	 Néel	
* 
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Figure	6.6 Raw	 data	 from	 bank	 3	 of	 GEM	 diffractometer	 highlighting	 loss	 of	









A	 plot	 of	 the	 normalised	 lattice	 parameters	 as	 a	 function	 of	 temperature	 for	
LaFeO3,	generated	from	the	results	of	the	Rietveld	refinement	process,	is	included	



















out-of-phase	 tilt	 around	 the	 a-axis.	 This,	 however,	 is	 only	 strictly	 true	 if	 the	
octahedral	units	are	perfectly	rigid	and	no	further	structural	distortion	other	than	
tilting	 occurs.	 Therefore,	 scrutiny	 of	 the	 structure	 and	 in	 particular,	 the	 intra-




Figure	6.9 Plot	 of	 normalised	 lattice	 parameters	 as	 a	 function	 of	 T/TN.	 Note	 the	











2 𝑎 − 𝑐

























The	 ISODISTORT19	 software	 suite	 was	 employed	 to	 provide	 a	 quantitative	
appraisal	 of	 the	 decorrelated	 symmetry	 modes	 that	 act	 upon	 the	 distorted	
supercell.	The	seven	 independent	positional	parameters	are	now	considered	as	
seven	 distinct	 internal	 symmetry	modes	which	 act	 upon	 the	 lattice,	with	 their	
magnitudes	varying	as	a	 function	of	 temperature.	The	seven	distinct	 symmetry	
























be	 considered	before	any	 conclusion	 can	be	made.	 Interestingly,	 the	R4+	mode	
amplitude	appears	to	be	saturated	at	400	K,	and	only	shows	a	small	increase	below	
this	temperature.	As	the	Glazer	tilt	system	undergoes	a	change	from	a+b-b-	to	a-a-








a	 “step-wise”	 fashion.	 The	 R5+[A]	 mode	 describes	 a	 less	 significant	 A-site	




Figure	6.11 Mode	 amplitudes	 as	 a	 function	 of	 temperature	 for	 a)	 the	 R4+	 (blue	
squares),	 M3+	 (red	 circles)	 modes	 and	 b)	 X5+[A]	 (green	 squares)	 and	 R5+[A]	 A-site	
displacement	modes	(purple	triangles)	over	the	temperature	regime	25	£	T	£	1255	K.	
	
The	 three	 symmetry	 adapted	 modes	 relating	 to	 the	 oxygen	 atoms	 represent	





phase	 transition.	 However,	 interestingly	 the	 R5+	 distortion	 mode	 (which	 has	 a	
scissoring	effect	on	the	cross-sectional	octahedral	angles	in	the	ab	plane)	shows	
an	increase	in	mode	amplitude	away	from	equilibrium	at	temperature	of	525	K	




















O	bond	 lengths	and	 increased	anion-anion	repulsive	 interactions.	The	a+b-b-	 tilt	











tilting	 of	 octahedra	 in	 adjacent	 layers	 along	 the	b-axis.	 The	 actions	 of	 the	 three	most	
significant	 distortion	modes,	M3+,	 R4+	 and	 X5+	are	 indicated	 by	 arrows.	 The	R3c	 crystal	






(IR)	 at	 the	 A-site	 (or	 by	 extension	 increasing	 tolerance	 factor	 as	 a	 function	 of	
temperature	or	pressure).	Whilst	the	octahedral	tilting	distortions	in	Pnma	impose	
a	>	c,	this	is	only	true	under	the	assumption	that	the	octahedra	tilt	as	rigid	bodies.	
Zhou	 and	 Goodenough	 demonstrated	 an	 additional	 inherent	 intra-octahedral	
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distortion	in	the	structures	of	the	RNiO3	family	that	drives	the	c	>	a	crossover.	This	
distortion	 away	 from	 regular	 octahedra	 had	 a	 more	 profound	 effect	 on	 the	
structure	 as	 a	 function	 of	 increasing	 IR	 of	 the	 A-site	 cation.	 At	 a	 critical	 IR	
(identified	 as	 1.11	 Å	 for	 the	 RNiO3	 series6,	 23)	 this	 intra-octahedral	 distortion	
becomes	 significant	 enough	 to	 overcome	 the	 restrictions	 imposed	 by	 the	 tilt	
system	and	the	c	>	a	crossover	occurs.	By	extension,	a	reduction	in	the	octahedral	
tilting	 angles	 as	 a	 function	 of	 temperature	 or	 pressure	 can	 result	 in	 a	 similar	










To	identify	the	specific	 lattice	distortion	that	 is	responsible	for	this	crossover	 in	
LaFeO3,	it	is	necessary	to	look	at	other	structural	distortions	which	are	not	related	
to	 the	octahedral	 tilts;	 these	 include	 the	 variation	 in	 Fe-O	bond	 lengths,	 inter-
octahedral	(Fe-O-Fe)	and	 intra-octahedral	(O-Fe-O)	bond	angles.	The	Fe-O	bond	
lengths	 (Figure	 6.14)	 show	 little	 variation	 for	 Fe-O2	 and	 Fe-O2’.	 However,	 a	
significant	expansion	can	be	seen	in	the	magnitude	of	the	Fe-O1	bond	length	(	~	
0.028	Å).	When	related	to	the	structure	(Figure	6.15),	it	becomes	apparent	that	





































angles	 (Figure	 6.17)	 were	 examined,	 with	 the	 aim	 of	 rationalising	 the	 c	 >	 a	





in	 the	 O2-Fe-O2’	 bond	 angle	 which	 retains	 a	 constant	 value	 of	 ~	 91.25	 °	














At	 low	 temperatures,	when	 the	octahedral	 tilting	 is	at	a	maximum,	 the	out-of-
phase	tilt	around	a	“wins	out”.	However,	as	the	amplitude	of	this	tilt	continues	to	
diminish,	 the	 effect	 from	 the	 O2-Fe-O2’	 bond	 angle	 becomes	 increasingly	
significant,	until	eventually	c	>	a	metrics	are	realised	at	a	temperature	above	765	
K.	The	relative	values	for	the	c	and	a	unit	cell	edges	continue	to	diverge	as	the	R4+	
mode	amplitude	decreases	as	a	 function	of	 temperature	beyond	 the	crossover	
point.	The	deviation	of	1.5	°	may	initially	seem	rather	diminutive	to	exact	such	a	













With	 further	 note	 to	 the	 evolution	 of	 the	 lattice	 cell	 metrics,	 the	 continued	
divergence	 of	 the	 a	 and	 c	 lattice	 parameters	 at	 low	 temperature	 occurs	 as	 a	
consequence	 of	 the	 increasing	 anti-polar	 A-site	 displacements	 along	 c	 (i.e.	 the	





the	 M3+	 mode	 does	 not	 impact	 the	 c/a	 ratio,	 this	 allows	 increased	 A-site	
displacements	with	a	correspondingly	small	variation	in	the	a	lattice	metric	below	
400	 K.	 BVS	 calculations	 carried	 out	 on	 LaFeO3,	 indicate	 that	 the	 BVS	 of	 La3+	
increases	 due	 to	 enhanced	 A-site	 displacement	 at	 lower	 temperatures	 (Figure	
6.19).	 BVS	 arguments	 have	 shown	 that	 the	 large	 distribution	 in	 the	 A-O	 bond	
lengths	 for	 c	 relative	 to	 a	 should	 allow	 for	 expansion	 of	 the	 a-axis	 as	 the	














The	original	 aim	of	 this	work	was	 to	provide	a	 “simple”	 comparative	model	 to	





both	 the	 in-phase	 tilt	 and	 A-site	 displacement	 is	 not	 echoed	 in	 LaFeO3,	 which	
demonstrates	“typical”	behavior	 for	a	perovskite	with	an	 increase	 in	 the	mode	








and	Goodenough	 predicting	 that	 changes	 in	 electronic	 structure	may	 alter	 the	
effect	of	the	octahedral	distortion	that	drives	the	c	>	a	crossover.		
	
Owing	 to	 the	 nominally	 similar	 IR	 of	 Bi3+	 compared	 to	 La3+,	 the	 effect	 of	 the	
stereochemically	 active	 lone	 pair	 on	 bismuth	 is	 evidenced	 in	 the	 contrasting	
thermal	evolution	of	the	mode	amplitudes	and	by	extension,	unit	cell	parameters,	
whilst	 cell	 volumes	 of	 LaFeO3	 and	 BLFO50	 remain	 comparable	 throughout	 the	




M3+	 and	 X5+[A]	 mode	 evolution	 are	 evident	 from	 their	 corresponding	 mode	














temperature	PND	experiments	over	 the	 temperature	 range	25	£	T	£	1284	K.	A	
detailed	 structural	 analysis	 using	 symmetry	 mode	 arguments	 and	 both	 bond	
length	and	bond	angle	analysis	was	detailed.	This	allowed	for	rationalisation	of	the	
c	>	a	crossover	in	the	unit	cell	metrics	of	the	orthorhombic	phase;	found	to	occur	




Goodenough	 (on	 members	 of	 the	 LnNiO3	 series)	 and	 Woodward,	 who	 first	
demonstrated	that	a	deviation	of	as	little	as	1	°	 in	the	equilibrium	O-Fe-O	bond	
angle	 can	 overcome	 moderate	 octahedral	 tilts24.	 The	 antiferromagnetic	 –	
paraelectric	transition	was	identified	at	760	±	5	K;	slightly	higher	than	in	previous	
studies	 (TN	 735	 -750	 K	 16,17).	When	 compared	 to	 the	 evolution	 of	 the	 unit	 cell	






in	 the	 thermal	 evolution	 of	 the	 M3+	 and	 X5+[A]	 modes	 with	 the	 onset	 of	 the	
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Recent	 theoretical	 and	 experimental	 work	 has	 revealed	 a	 novel	 mechanism	
through	which	new	polar	and,	in	some	cases,	ferroelectric	structures	have	been	
isolated	 in	 several	 families	 of	 layered	 perovskites1,	 2.	 Whilst	 traditional	 ABO3	
perovskites	 have	 been	 studied,	 in	 depth,	 for	 their	 wide	 range	 of	 physical	
properties	and	extensive	chemical	tunability,	relatively	few	of	these	structures	are	
polar,	 with	 even	 fewer	 displaying	 ferroelectric	 properties.	 In	 the	 case	 of	 the	
layered	 perovskite	 structures,	 the	 paraelectric	 –	 ferroelectric	 transition	 may	
involve	 the	 condensation	 of	 two	 non-polar	 zone-boundary	 lattice	 distortions	
(typically	tilting	of	the	BO6	octahedra).	The	two	zone	boundary	order	parameters	








parameter	 that	 drives	 the	 ferroelectric	 transition,	 these	 systems	 are	 known	 as	
“Hybrid	 Improper	 Ferroelectrics”6-8.	 Similarly	 to	 improper	 ferroelectrics	 it	 is	
typically	an	ionic	size	mismatch	and	the	associated	octahedral	tilting	that	indirectly	
result	 in	 distorted	 ferroelectric	 structures,	 thus	 allowing	 for	 novel	 design	




in	 theoretical	 studies	 and	 in	 many	 cases	 shown	 experimentally	 to	 be	 good	
candidates	for	new	polar	structures,	are	the	Aurivillius	phases	(Bi2O2[An-1BnO3n+1])	
(e.g.	 SrBi2Ta2O99),	 Ruddlesden-Popper	 phases	 (An+1BnO3n+1)	 (e.g.	 Ca3Mn2O710,	
Ca3Ti2O711)	 and	 more	 recently	 the	 Dion-Jacobson	 phases	 (A’[An-1BnO3n+1])	 (e.g.	
RbBiNb2O7).	Whilst	non-centrosymmetric	structures	have	proven	abundant	in	the	
Aurivillius	 family12-14	 they	have	been	 thus	 far	 less	prevalent	 in	 the	Ruddlesden-
Popper	 and	 Dion-Jacobson	 families.	 However,	 this	 is	 changing	with	 the	 recent	
work	by	Strayer	et	al.,	predicting,	with	the	use	of	ab	initio	density	functional	theory	
calculations2,	that	CsLaNb2O7,	CsLaTa2O7	and	their	rubidium	analogues	each	adopt	
polar	 ground	 state	 structures.	 Furthermore,	 a	 recent	 publication	 by	 Li	 et	 al.	
confirmed	ferroelectricity	in	the	Dion-Jacobson	phase	RbBiNb2O715.	This	was	the	
first	 instance	 that	 ferroelectricity	 had	been	 shown	experimentally	 in	 any	Dion-
Jacobson	 phases.	 The	 related	 compound,	 CsBiNb2O7,	 is	 of	 interest	 due	 to	 the	
observation	 by	 Snedden	 et	 al.	 that	 its	 room	 temperature	 structure	 (P21am	
symmetry)	 possesses	 the	 same	 Glazer	 tilt	 system,	 a-a-c+16,	 as	 the	 ferroelectric	
Aurivillius	phase	(A21am	symmetry)	and	by	extension	could	be	expected	to	exhibit	
ferroelectric	 behaviour17.	 However,	 observing	 polarisation-field	 hysteresis	 had,	
until	recently,	proved	difficult	due	to	the	hygroscopic	nature	of	CsBiNb2O7,	with	
water	 uptake	 believed	 to	 promote	 a	 high	 degree	 of	 proton	 conductivity18.	 A	
renewed	interest	in	the	system	was	sparked	by	the	recent	work	published	by	Chen	
et	 al.	 in	 which	 they	 were	 able	 to	 successfully	 demonstrate	 ferroelectricity	 in	
CsBiNb2O7	for	the	first	time	experimentally	19.	Impedance	measurements	gave	the	
Tc	of	CsBiNb2O7	to	be	1033	±	5	°C	with	a	calculated	spontaneous	polarisation	of	43	




nature	 of	 the	 structural	 transition.	 First-principles	 calculations	 carried	 out	 by	
Fennie	 and	 Rabe	 highlighted	 the	 importance	 of	 octahedral	 rotations	 in	 the	
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to	 be	 more	 stable	 when	 compared	 to	 P4/mmm,	 Pmam,	 P4/mbm	 and	 C2mm	
structures21	 (i.e.	 a	 structure	 that	 contained	 all	 three	 distortions	 was	 lower	 in	
energy	 than	 those	 which	 only	 contained	 one).	 However	 once	 again,	 the	
mechanism	 involved	 in	 the	 transition	 was	 not	 clarified.	 For	 these	 reasons,	 a	
detailed	crystallographic	analysis	of	the	transition	is	necessary,	specifically,	with	
the	purpose	of	establishing	whether	the	proposed	P4/mmm	–	P21am	 transition	
proceeds	 as	 a	 1st	 order	 “avalanche”	 transition,	 in	 which	 both	 primary	 order	
parameters	 (M2+	 and	 M5-)	 condense	 simultaneously,	 or	 as	 a	 second	 order	
continuous	 transition	 via	 an	 intermediary	 phase	 with,	 for	 example,	 Pmam	
symmetry.	Such	an	intermediary	phase	occurs	in	the	case	that	one	zone	boundary	




Lightfoot	et	al.	on	 the	 temperature-dependent	phase	diagram	of	SrBi2Nb2O9	 (a	
double-layer	 Aurivillius	 phase)	 showed	 that	 this	 system	 undergoes	 a	 1st	 order	
discontinuous	 transition,	 I4/mmm	 –	 A21am,	 disproving	 this	 initial	 theory14.		
Interestingly,	the	isostructural	compound	SrBi2Ta2O9,	behaves	differently,	with	the	
I4/mmm	 –	 A21am	 transition	 proceeding	 through	 an	 intermediary	 phase	 with	
Amam	symmetry9,	22.	Owing	to	this	inability	to	predict	the	nature	of	the	transition	









phase	 transition	 to	 be	 tracked	 using	 high	 resolution	 PND	 techniques.	 The	










A	 phase	 pure	 sample	 of	 CsBi0.6La0.4Nb2O7	was	 prepared	 via	 traditional	 ceramic	
methods.	Stoichiometric	amounts	of	La2O3	(99.9	%	Sigma-Aldrich),	Nb2O5	(99.9	%	
Alfa	Aesar)	and,	due	to	its	volatility,	a	20	%	excess	of	Cs2CO3	(99	%	Alfa	Aesar)	were	
















cationic	 species.	 Doping	with	 lanthanum	was	 accounted	 for	 in	 the	 refinement	
model	 by	 modifying	 the	 occupancy	 values	 of	 the	 Bi	 to	 reflect	 the	 decreased	
electron	density	at	the	A-site.	A	March-Dollase	function	was	employed	to	refine	
for	preferred	orientation	along	the	(00l)	peaks.	This	preferential	orientation	has	






Variable	 temperature	 PND	 experiments	 were	 carried	 out	 using	 the	 High	
Resolution	 Powder	 Diffractometer	 (HRPD)	 instrument	 at	 the	 ISIS	 facility,	
Oxfordshire.	A	sample	weighing	~5g	was	loaded	into	an	8	mm	cylindrical	vanadium	
canister	and	placed	in	the	diffractometer	furnace,	before	being	suspended	in	the	
neutron	 beam.	 Data	 collection	 was	 made	 at	 room	 temperature	 and	 then	 at	





with	each	data	 collection	 lasting	 for	 approximately	25	minutes.	Measurements	
were	carried	out	with	the	assistance	of	Dr.	Kevin	Knight	and	Dr.	Alexandra	Gibbs.	
	


















demands	 of	 the	 experiment	 the	 electrode	 was	 then	 coated	 in	 Ag	 paste	 (RS	
components)	 to	 protect	 the	 Au	 and	 prevent	 electrode	 failure	 at	 high	



















dependency	 of	 the	 ferroelectric	 –	 paraelectric	 transition.	 The	 end-member	
CsBiNb2O7	is	reported	in	the	literature	as	adopting	the	polar	orthorhombic	space	
group	P21am	at	room	temperature17.	Despite	the	recent	discovery	by	Strayer	et	
al.2	 detailing	 the	 polar	 nature	 of	 CsLaNb2O7	 (Amm2	 symmetry	 at	 RT),	 Rietveld	































the	 orthorhombic	 space	 group	 P21am,	 isostructural	 to	 the	 end-member	
CsBiNb2O7.	 As	 shown	 in	 Figure	 7.1,	 a	 gradual	 merging	 of	 peaks	 is	 visible	 at	 a	
composition	of	x	 =	0.5,	 therefore	 the	diffraction	data	were	 refined	 in	both	 the	





structure	 is	 still	 CsBiNb2O7	–	 type	 at	 this	 value	 of	 x.	Whilst	 difficult	 to	 observe	
orthorhombic	splitting	at	a	composition	where	x	=	0.6	with	raw	data	alone,	upon	












result.	 In	 addition	 to	 the	 increased	 instability	 of	 the	 refinement	 in	 the	
orthorhombic	 model,	 no	 splitting	 of	 the	 (hhl)	 peaks	 remains	 (suggestive	 of	
tetragonal	 unit	 cell	 metrics	 of	 a	 =	 b),	 therefore	 it	 can	 be	 concluded	 that	 at	 a	
composition	 of	 x	 =	 0.7	 the	 CsLaNb2O7	 -	 type	 structure	 is	 adopted.	 Due	 to	 the	
limitations	in	the	resolution	of	the	PXRD	instrument,	the	final	composition	where	
orthorhombic	 splitting	was	 clearly	 defined	 (i.e.	 x	 =	 0.4,	 before	 any	merging	 of	
peaks	can	be	observed)	was	chosen	for	further	analysis.	This	ensures	that	a	ground	











Figure	7.2 Thermal	 evolution	 of	 lattice	 parameters	 for	 the	 CsBi1-xLaxNb2O7	 solid	
solution	showing,	a)	normalised	a	(black	squares)	and	b	(red	circles)	 lattice	parameters	













Rietveld	 refinement	 of	 the	 RT	 (20	 °C)	 PND	 data	 on	 CsBi0.6La0.4Nb2O7	 is	 in	
agreement	with	previous	literature	reports	for	the	room	temperature	structure	of	
the	parent,	CsBiNb2O717,	resulting	in	a	good	fit	to	the	orthorhombic	P21am	phase.	
However,	 to	 determine	 this	 unambiguously,	 other	 options	must	 necessarily	 be	
considered.	When	 considering	 other	 viable	 space	 group	 symmetries,	 both	 the	












a	 requirement	 for	 generating	 specific	 superlattice	 peaks	 in	 the	 observed	 PND	
pattern.	There	are	 four	 individual	 tilt	modes	that	must	be	considered,	 in-phase	
and	out-of-phase	tilts	in	either	the	a-	(or	b-)	and	c-axes	of	the	parent	aristotype	






the	 zone	 boundary	 in	 the	 tetragonal	 parent	 Brillouin	 zone.	 The	 four	 distinct	
symmetry	modes	corresponding	to	the	four	possible	tilts	are	X1+	(a+),	M5-	(a-),	M2+	
(c+)	 and	M4-	 (c-).	 A	 table	 listing	 the	 space	 group	 symmetries	 of	 the	 various	 tilt	
combinations	that	must	be	considered	and	the	active	modes	associated	with	each	
of	these	is	included	in	Table	7.1.	Using	ISODISTORT	to	simulate	the	PND	patterns	
when	 each	 of	 these	 modes	 is	 “turned	 on”	 shows	 that	 the	 X1+	 mode	 can	 be	
eliminated	as	the	resulting	peaks	(several	at	a	d-spacing	centred	at	d	~	2.15	Å)	do	




























P4/mmm	 a0	a0	a0	 at	´	at	´	ct	 none	 CS	
P4/mbm	 a0	a0	c+	 Ö2at	´	Ö2at	´	ct	 M2+	 CS	
P4/nmb	 a0	a0	c-	 Ö2at	´	Ö2at	´	ct	 M4-	 CS	
P4/mmm	 a+	a+	c0	 2at	´	2at	´	ct	 X1+	 CS	
Pmam	 a-	a-	c0	 Ö2at	´	Ö2at	´	ct	 M5-	 CS	
P21am	 a-	a-	c+	 Ö2at	´	Ö2at	´	ct	 M2+	´	M5-	 polar	
Cmmm	 a-	b0	c0	 2at	´	2at	´	ct	 M5-	 CS	
*Amm2	 a-b0c+	 ct	´	2at	´	2at	 M2+	´	M5-	 polar	
P2/m	 a-b-c0	 Ö2at	´	ct	´	Ö2at		 M5-	 CS	








the	non-centrosymmetricity	of	 the	phase	at	 room	temperature	with	 the	use	of	
SHG	 analysis28.	 Mode	 analysis	 of	 the	 distorted	 RT	 supercell	 carried	 out	 with	
ISODISTORT27	shows	that	both	the	M5-	and	M2+	modes	have	significant	amplitude	
in	 this	 structure	 in	addition	 to	 the	G5-	mode	 (a	much	weaker	M3+	mode	 is	also	
symmetry-allowed).	The	fit	to	P21am	at	RT	is	shown	in	Figure	7.3.	Details	on	the	




Figure	7.3 Portion	 of	 the	 Rietveld	 refinement	 carried	 out	 on	 RT	 PND	 data	 on	 a	
sample	of	CsBi0.6La0.4NbO7	in	the	P21am	space	group.	Peaks	arising	from	a	combination	of	













































































































due	 to	 orthorhombicity	 of	 the	 unit	 cell	 are	 tracked	 as	merging	 of	 these	 peaks	
signifies	 a	 shift	 to	 a	 unit	 cell	 that	 is	 metrically	 tetragonal	 (a	 =	 b).	 Ideally	 the	






the	 various	 M-point	 distortion	 modes	 throughout	 the	 temperature	 regime	 in	
which	 the	 orthorhombic	 P21am	 phase	 is	 present,	 with	 the	 outcomes	 of	 this	
discussed	in	section	7.3.7.	Due	to	the	inability	to	closely	monitor	the	evolution	of	




apparent	 that	 throughout	 the	 temperature	 range	 of	 the	 orthorhombic	 phase	
P21am	 proves	 consistently	 to	 be	 a	 better	 model	 to	 the	 data	 than	 the	 Pmam	
alternative,	 indicating	 that	 no	 intermediary	 phase	 forms	 in	 this	 temperature	









Figure	7.4 Comparison	 of	 Rietveld	 goodness-of-fit	 parameters	 (c2)	 for	 the	P21am	
and	Pmam	models	in	the	temperature	range	20	£	T	£	700	°C.	
	
A	merging	of	 the	peaks	with	orthorhombic	 splittings	 (e.g.	 the	024	and	204	hkl	








Figure	7.5 Portion	 of	 Rietveld	 refinement	 on	 PND	data	 at	 725	 °C	on	 a	 sample	 of	
CsBi0.6La0.4Nb2O7	modelled	in	the	tetragonal	P4/mmm	setting.	Peaks	that	have	coalesced	











Figure	7.6 Symmetry	 descent	 diagram	 showing	 available	 pathways	 from	 parent	
P4/mmm	 structure	 to	 the	 lower	 temperature	 distorted	 P21am	 structure.	 Solid	 lines	






additional	model	 that	must	be	considered	at	 this	 temperature	 is	 the	a0a0c+	 tilt	
system	in	the	P4/mbm	setting.	A	phase	with	P4/mbm	symmetry	could	occur	in	the	
event	the	M2+	mode	has	a	greater	instability	than	the	M5-,	resulting	in	its	primary	
condensation.	 The	 ‘goodness	 of	 fit’	 upon	 Rietveld	 refinement	 in	 the	 P4/mbm	






























Table	7.4 Comparison	of	 the	Rietveld	 refinements	 for	 the	various	possible	 space	




























Graphically	 the	 fit	 to	 P21am	 is	 less	 convincing	 than	 the	 fit	 to	 the	 tetragonal	
P4/mmm	 parent	 phase.	 Therefore,	 with	 all	 models	 thoroughly	 considered,	
refinement	 in	 the	 P4/mmm	 setting	 is	 carried	 out	 for	 the	 data	 sets	 in	 the	























































Table	7.6 Selected	 bond	 lengths	 for	 CsBi0.6La0.4Nb2O7	 at	 750	 °C	 in	 the	 P4/mmm	
model.	
Cs-O	 Bond	length	(Å)	 Bi/La-O	 Bond	length	(Å)	 Nb-O	 Bond	length	(Å)	
Cs-O2	´	8	 3.2273(14)	 Bi-O1	´	8	 2.7634(14)	 Nb-O1	´	4	 1.9985(5)	
	 	 Bi-O3	´	4	 2.77385(11)	 Nb-O2		 1.727(4)	




















Figure	7.7 Unit	 cell	 metrics	 as	 a	 function	 of	 temperature	 throughout	 the	
temperature	regime	25	£	T	£	850	°C.	Merging	of	the	a	and	b	lattice	parameters	(part	(a),	
with	the	a	lattice	parameter	shown	as	green	squares	and	b	as	blue	circles)	is	visible	as	the	







temperature	 region	 20	 £	 T	 £	 700	 °C	 is	 shown	 in	 Figure	 7.8.	 The	 distortion	
parameter,	D0,	is	calculated	as	D0	=	2(a	–	b)/(a	+	b).	Following	the	expected	trend	
for	 perovskites,	 the	 maximum	 orthorhombic	 distortion	 is	 present	 in	 the	 RT	




















in-phase	 octahedral	 rotation	 around	 the	 c-axis.	 The	 M5-	 mode	 is	 made	 up	 of	
contributions	from	different	distortions;	the	majority	of	which	are	from	the	out-
of-phase	 tilt	 around	 the	 ab	 plane,	 with	 further	 contributions	 from	 an	
antiferrodistortive	 cation	 displacement	 along	 the	b-axis.	 Both	 the	M2+	 and	M5-	
modes	 would	 be	 considered	 primary	 order	 parameters	 in	 a	 direct	 P21am	 –	
P4/mmm	 phase	 transition,	 as	 both	 possess	 a	 significant	 amplitude	 below	 Tc,	
therefore	their	tendency	toward	zero	exacts	the	largest	influence	on	the	structure.	
The	G5-	mode,	the	polar	mode,	describes	all	polar	displacements	of	atoms	along	a.	





role	 in	 the	 paraelectric	 -	 ferroelectric	 transition.	 The	 M2+	 in-phase	 tilt	 mode,	
conversely,	has	a	significant	amplitude	at	RT	and	can	be	seen	to	diminish	toward	
zero	upon	approaching	the	phase	transition.	On	first	intuition,	it	appears	that	the	
M2+	mode	 is	decreasing	 fairly	 smoothly,	 suggesting	a	second-order	 relationship	
with	temperature.	Comparatively,	the	M5-	mode	amplitude	appears	to	diminish	at	
a	slower	rate	up	to	700	°C,	but	then	much	more	abruptly,	suggesting	a	more	1st	





critical	 temperature	 of	 the	M2-	 mode.	 However,	 it	 seems	 that	 the	 alternative	










higher	 than	the	Tc	of	725	°C	suggested	by	 the	crystallographic	data)	 inclines	 to	
suggest	that	both	modes	condense	simultaneously	and	the	phase	transition	is	a	
so-called	‘avalanche’	transition	from	P4/mmm	to	P21am	directly,	similar	to	that	
seen	 in	 SrBi2Nb2O914.	 The	 similarity	 in	 the	 c2	 values	 obtained	 upon	 Rietveld	
refinement	of	the	data	at	725	°C	(c2	values	of	2.065,	2.054,	2.041	and	1.888	for	










intuition	 suggests	 that	 geometric	 effects	 and	 octahedral	 tilting	 drive	 the	
	 240	
transitions	 and	 the	 combination	 of	 the	 two	distinct	 tilt	modes	 allows	 tri-linear	










































ferroelectric	 transition	 for	 the	 CsBiNb2O7-type	 structure	 type,	 including	 the	
presence	of	 any	 intermediary	 phases.	 To	 realise	 a	 direct	 (avalanche)	 transition	
from	 the	 parent	 a0a0a0	 (P4/mmm)	 structure	 to	 the	 a-a-c+	 (P21am)	 structure	
simultaneous	freezing	of	zone	boundary	M2+	and	M5-	modes	must	occur.	When	
considering	 the	 neutron	 powder	 diffraction	 data,	 ISODISTORT	mode	 amplitude	
outputs	 and	 relative	 permittivity	measurements,	 it	 is	 appropriate	 to	 conclude,	
given	the	available	evidence,	that	the	phase	transition	in	CsBi0.6La0.4Nb2O7	is	a	so-
called	 ‘avalanche’	 transition,	whereby	 two	primary	structural	order	parameters	
(octahedral	 rotations)	 simultaneously	 condense	 and	 induce	 a	 polar	 lattice	
instability.	 The	 nature	 of	 such	 a	 transition	 is	 intriguing	 as	 intuitively	 it	 seems	












tilt	 system	 is	 clearly	 still	 adopted	 at	 700	 °C).	 Whilst	 the	 possibility	 of	 an	
intermediate	phase	with	Pmam	 symmetry	between	700	 and	725	 °C	 cannot	be	






and	 742	 °C,	 respectively).	 The	 disparity	 between	 the	 TC	 indicated	 by	 the	
crystallographic	data	and	those	obtained	from	analysis	of	both	the	dielectric	data	
and	mode	amplitudes	makes	it	difficult	to	pinpoint	the	temperature	region	for	the	
transition	 to	 a	 temperature	 interval	 narrower	 than	 700	 <	 TC	 <	 750	 °C.	 This	 is	
unfortunate	and	this	study	could,	of	course,	be	greatly	benefited	with	hindsight,	
however	the	similarity	in	the	transition	temperatures	obtained	from	the	fits	to	the	










showing	 the	 in-phase	 (M2+)	 tilt	 and	 (b)	 perpendicular	 view,	 showing	 the	 out-of-phase				
(M5-)	tilt.	
	




Schematics	 of	 the	 orthorhombic	 and	 tetragonal	 structures	 are	 given	 in	 Figures	
7.11	and	7.12	respectively.	The	room	temperature	crystal	structure	of	the	P21am	
phase	consists	of	eclipsed	blocks	of	perovskite	(of	the	formula	“BiNb2O7”)	in	the	
ab	 plane	 interspersed	with	 layers	 of	 Cs+	 cations.	 Condensation	 of	 the	M2+	 (in-








degree	 of	 displacement	 at	 the	 B-site,	 which	 occurs	 to	 compensate	 for	 the	
underbonding	at	the	apical	oxygen	site.		
	
In	 the	 view	 shown	 in	 Figure	 7.11	 b)	 this	 B-site	 displacement	 is	 clearly	
demonstrated.	Such	off-centring	is	typical	of	a	d0	cation	at	the	perovskite	B-site,	
however	this	‘ferroelectric-like’	displacement,	which	would	normally	be	the	origin	
of	 ferroelectricity	 in	 prototypical	 ferroelectric	 structures	 of	 the	 formula	 ABO3,	
does	not	result	in	an	overall	polarisation	in	these	layered	systems.	The	presence	
of	 the	mirror	 plane	 symmetry	 perpendicular	 to	 the	 c-axis	 results	 in	 equal	 and	
opposite	 Nb	 displacements	 within	 the	 perovskite	 blocks,	 and	 as	 such	 the	 net	
polarisation	is	equal	to	zero.	The	degree	of	off-centring	of	the	Nb5+	cation	towards	
the	 apical	 oxygen	 is	 greater	 in	 the	 Dion-Jacobson	 phases	 compared	 to	 the	
Aurivillius.	This	is	due	to	the	greater	need	to	compensate	for	the	larger	degree	of	
underbonding	at	the	apical	oxygen	site	due	to	the	cationic	interlayer	(Nb-Oapical	=	
1.730(3)	 Å	 for	 CsBi0.6La0.4Nb2O7	 as	 opposed	 to	 1.832(5)	 Å	 for	 SrBi2Nb2O9	 and	




Figure	7.13 Ball	 and	 stick	 representation	 of	 NbO6	 octahedra	 in	 CsBi0.6La0.4Nb2O7	
showing	displacement	of	Nb5+	B-site	cation	toward	apical	oxygen.	
	
In	 contrast	 to	 traditional	 ABO3	 perovskites,	 the	 origin	 of	 polarity	 and	 in	 some	
instances	ferroelectricity	 in	layered	systems	such	as	the	Aurivillius,	Ruddlesden-
Popper	and	Dion-Jacobson	phases	is	located	at	the	perovskite	A-site.	The	ion-size	
mismatch	 between	 the	 interlayer	 A	 cation	 and	 A’	 or	 B	 cations	 dictate	 the	
distortions	in	the	perovskite	blocks	in	a	similar	manner	to	those	distortions	which	
arise	as	a	function	of	the	tolerance	factor	in	traditional	ABO3	perovskites.	The	A-
site	 displacements	 and	 the	 co-operative	 octahedral	 tilts	 in	 CsBiNb2O7	 and	 the	
related	 compound	 CsBi0.6La0.4Nb2O7	 result	 in	 a	 distorted	 structure	 with	






now	 broken	 due	 to	 the	 presence	 of	 two	 different	 cations	 at	 the	 A-sites	 that	
	 247	
displace	by	different	amounts.	As	the	anti-ferroelectric	A-site	displacements	are	










The	 A-site	 displacements	 and	 octahedral	 tilting	 rotations	 associated	 with	 the	







Figure	7.14 Results	 from	 bond	 valence	 sum	 calculations	 plotted	 as	 a	 function	 of	













Dion-Jacobson	 phase	 CsBi0.6La0.4Nb2O7,	 shedding	 light	 on	 the	 nature	 of	 the	
paraelectric-	ferroelectric	transition	present	in	the	parent	structure	CsBiNb2O7.		
	
Collectively,	 the	 available	 evidence	 points	 toward	 a	 discontinuous	 “avalanche”	
transition	 for	 the	system	CsBi0.6La0.4Nb2O7		akin	 to	 the	paraelectric-ferroelectric	
transition	previously	exemplified	in	the	Aurivillius	phase	SrBi2Nb2O914.	PND	data	
shows	 a	 gradual	 merging	 of	 several	 of	 the	 (hhl)	 peaks	 attributed	 to	 the	








fits	 of	 the	 M2+	 and	 M5-	 mode	 evolution;	 749	 and	 742	 °C	 respectively.	 The	




ways.	 From	 the	 crystallographic	 data	 alone	 the	 interval	 appears	 to	 be	 much	







with	 the	 benefit	 of	 hindsight,	 a	 second	 PND	 study	 consisting	 of	 an	 enhanced	
number	of	data	sets	collected	over	a	longer	period	of	time	in	the	vicinity	of	the	
phase	 transition	 would	 be	 warranted.	 This	 should	 definitively	 rule	 out	 the	
possibility	of	a	continuous	transition	through	a	phase	with	Pmam	symmetry,	thus	
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The	 thermal	 evolution	 of	 several	 perovskite	 structures	 with	 various	 functional	
properties	have	been	studied,	primarily	with	PND	analysis.	Phase	pure	samples	
have	 been	 synthesised	 via	 a	 solid-state	 synthesis	 approach,	 typically	 using	
temperatures	of	~	1000	°C.	In	addition	to	PND	methods,	symmetry	mode	analysis,	
relative	permittivity	and	SHG	measurements	were	employed	where	appropriate	






















be	 made	 between	 two	 similar	 models	 (each	 with	 the	 T4	 mode	 in	 a	 different	
configuration).	 However,	 the	 ability	 to	 assign	 specific	 symmetry	 modes	 along	
specific	 unit	 cell	 axes	 highlights	 the	 power	 of	 current	 PND	 instruments.	 The	
characterisation	of	phase	S’	in	LNN-12	offers	a	correction	to	the	previous	phase	








ordered2-4	 (and	 in	 one	 case	 A-	 and	 B-site	 ordered5)	 double	 perovskites	 with	
unusually	 small	 A-site	 cations,	 synthesised	 under	 conditions	 of	 high	 pressure.	
Indeed,	the	isolation	of	the	polar	form	of	the	a+a+c-	tilt	system	is	intriguing	as	the	
only	other	example	of	this	space	group	adopted	in	a	perovskite	structure	exhibited	





LaFeO3.	With	 the	high	 resolution	obtainable	on	 the	HRPD	 instrument	at	 ISIS,	 a	
systematic	survey	of	the	trends	in	bond	angles	and	bond	lengths	was	achievable.	





is	 overpowered	 by	 the	 R4+	 out-of-phase	 tilt	 mode	 at	 lower	 temperatures,	 but	
becomes	 increasingly	 dominant,	 until	 the	 c	 >	 a	 crossover	 is	 realised	 as	 the	
temperature	 is	 increased	 and	 t	 approaches	 unity.	 Additionally,	 a	 structural	
comparison	between	 LaFeO3	and	 the	multiferroic	 compound,	Bi0.6La0.4FeO3	was	
detailed,	identifying	the	anomalous	structural	behaviour	due	to	magnetoelectric	





ferroelectric.	 Using	 PND	 analysis,	 symmetry	 mode	 arguments	 and	 relative	
permittivity	measurements,	 it	was	concluded	that	the	transition	proceeds	via	a	
direct	“avalanche”	type	transition,	in	which	two	primary	order	parameters	(zone	
boundary	 modes,	 M2+	 and	 M5-)	 condense	 simultaneously,	 generating	 a	
polarisation	 (zone	 centre	 mode,	 G4-).	 This	 direct	 nature	 of	 the	 transition	 was	
rationalised	as	PND	data	did	not	indicate	the	presence	of	an	intermediary	phase	
associated	with	 the	 primary	 condensation	 of	 either	 one	 of	 the	 zone	 boundary	
modes.	Similarly,	symmetry	mode	analysis	on	the	M2+	and	M5-	modes	indicated	
that	 both	 had	 very	 similar	 temperature	 dependencies,	 suggestive	 of	 a	 direct	
transition.		
	
Overall,	 this	 work	 highlights	 the	 power	 of	 PND	 techniques	 using	 the	 highest	


















mode	 analysis	 approach	 is	 also	 highly	 useful,	 with	 regard	 to	 the	 layered-like	
perovskite	phases	like	the	CsBi0.6La0.4Nb2O7	system,	as	the	critical	behaviour	of	the	
symmetry	modes	involved	in	the	paraelectric	–	ferroelectric	phase	transition	has	









LNN-8	 systems.	Possibly	with	 the	assistance	of	DFT	 calculations	 to	 conclusively	
identify	 the	 location	at	which	 the	T4	 shows	 the	greatest	 instability	 in	 the	cubic	












With	 regard	 to	 LaFeO3,	 two	 further	PND	 studies	not	 included	 in	 this	 thesis,	 on	
YFeO3	 and	 LuFeO3,	 were	 carried	 out.	 Analysis	 of	 this	 data	 will	 allow	 for	 a	
comparison	 of	 the	 thermal	 evolution	 across	 the	 rare	 earth	 orthoferrite	 series,	







the	 vicinity	 of	 the	 phase	 transition,	 a	 further	 PND	 study	 is	 warranted	 with	
additional	 data	 collection	 in	 this	 region.	 This	 would	 clarify	 the	 transition	
temperature	and	hopefully	erase	any	ambiguity	over	the	nature	of	the	trilinear	
coupling	mechanism	 (i.e.	 confirmation	 of	 the	 direct	 transition	 or	 alternatively,	
identification	 of	 an	 intermediary	 phase).	 Secondly,	 with	 the	 ferroelectricity	 of	
CsBiNb2O7	 recently	 confirmed,	 the	 introduction	 of	 magnetic	 cations	 into	 the	
structure	 could	 offer	 an	 interesting	 pathway	 to	 multiferrocity.	 Ion-exchange	
reactions	 where	 the	 intergrowth	 layers	 are	 replaced	 by	 magnetically	 active	
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